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1.o (u) SUMMARY

- (U) This report describes the Phase IIA analytical and experimental efforts

undertaken to develop the inlet for the Hypersonic Research Engin_ Program.

The analytical effort consisted of: (1) the parametric evaluation of a

family of Mach 8 axisymmetric mixed-compression inlets having upsloping throat

geometries; (2) the detailed design of several candidate inlet configurations;

(3) the calculation of the theoretical performance levels of these inlets, under
both full-scale and model-scale ambient flow conditions; and (4_ the evaluation

of the starting characteristics of the inlet at Mach 4. In the detailed inlet

design and performance evaluations, extensive use was made of a computer program,

which incorporates a combined viscous and inviscid internal flow solution. This

program accounts for the effects of leading edge bluntness, wall-cooling, pres-

sure gradient, and shock-boundary-layer interaction on the combined viscid°
inviscid flow field.

The Phase II contours (inlet T) evolved after an analytical study had

shown that the Phase I (inlet 1020) design had several possible deficiencies.

The first of these deficiencies was associated with Mach 8 operations. An

improved external flow solution revealed that the Mach 8 centerbody shock

wave was forward of the previouslypredicted position. This resulted in a

reduction in overall inlet contraction ratio from 14.2 to ll.8 compared with a

minimum contraction ratio requirement of 13. Inlet 1020 also did not meet new

Mach 6 contraction ratio-mass flow ratio requirementswhich were established

early in Phase IIA. In viewof the desired higher inlet performance levels,

and a potential inlet starting problem demonstrated in early tests, a family of

alternate inlet configurations was studied which led to a double focal point

design. This configuration, designated inlet T, showed considerable promise

in that operating contraction ratios of 14.2 and 8 were achieve_ at Mach 8 and

6, respectively. It was therefore incorporated into a two-thirds scale model.

The experimental effort consisted of the design, fabrication, and wind

tunnel testing of two new scaled-model inlets, plus the testing of a Phase I

inlet model. The first model designed and fabricated in Phase IIA was an

uncooled one-third scale inlet which incorporated the contours of the inlet

developed in Phase I. Variable geometry to control inlet mass flow ratio and

contraction ratio was obtained by a translating inlet centerbody, which also

allowed the inlet to be closed off. A variable exit mass flow plug controlled in
the internal terminal shock location. This model was tested in various wind

tunnels at Mach numbers of 4._ 6, and 8 at representative flight Reynolds

numbers. These tests demonstrated satisfactory inlet operation at Mach 8,

identified an internal sho@k coalescence problem at Mach 6, and established

the importance of _all-cooling to Mach 4 inlet starting.

i_l AIRESEARCH MANUFACTURING COMPANYLOS A_Reles. Ca_do_nra
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The second model designed and fabricated in Phase IIA was a two-thirds

scale inlet which incorporated the contours of an improved design, designated

inlet T. Variable geometry to control inlet mass flow ratio and contraction

ratio was obtained by a translating forward cowl, which, when translated aft,

permitted inlet closure. A translating aft skirt was employed to control the

internal terminal shock position. The inlet was internally cooled with cryo-
genic gaseous nitrogen, and included provlsions for helium injection at the

inlet throat (to simulate engine fuel injection). It was also fully instrumen-

ted with pitot and temperature probe rakes, surface thermocouples and pressure

taps, and dynamic pressure transducers.

The two-thirds scale model tests were conducted in two series; a develop-

ment test series, and a production performance test series. The inlet devel-

opment tests were conducted at Mach numbers 4 to 4.5, 5, and 6, at simulated

flight Reynolds numbers and wall-to-total-temperature ratios. During these
tests, two centerbodies, four cowl leading edges, and several boundary layer

trip configurations were examined. It was found from these development tests

that the basic inlet T design, without centerbody trips, started and operated

at Mach 4, and had satisfactory performance over the Mach number range from 4

to 6. This inlet configuration was therefore selected for the inlet perform-
ance tests conducted at Mach numbers 4, 5, 6, and 8 over a range of Reynolds

numbers, angle of attack, and cowl positions. Satisfactory inlet operation at
Mach numbers 6 and 8 was also demonstrated with simulated fuel injection at the

inlet throat. Spillage drag tests were conducted at Mach 3 with the inlet
unstarted.

Representative test data obtained are'presented in terms of static

pressure distributions along the centerbody and internal cowl, pitot and

total pressure profiles, wall temperature distributions, total pressure

recoveries, and mass flow ratios. Good agreement is shown between experi-
mental test results from both the one-third-scale and two-thirds-scale

models and theoretical flow field solutions.

The data obtained from the two-thirds-scale model tests have been

correlated to permit prediction of full-scale inlet performance. The

quantities chosen to represent inlet characteristics; contraction ratio,

mass flow ratio and total pressure recovery, are presented as functions

of Mach number, cowl position, angle of attack and Reynolds number. A

new measure of inlet performance is defined and used for comparison with

those of earlier investigation. The correlation also includes a comparison

of mass flow data with a theory which accounts for angle-of-attack variations.

?
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2.O (U) PROBLEM STATEME_

(U) The objective of this effort i_ to develop an inlet configuration for the

Hypersonic Research Engine (fIRE) which provides performance and operational

characteristics consistent with the objectives established for the engine.

(U) To meet HRE program objectives, engine cycle and nozzle studies conducted

during Phases I and !IA indicate that the general level of inlet characteris-

tics should fall within the performance bands shown in Fi_ire 2.1. Specific

aerodynamic requirements for development of inlet lines evolved during

Phase ilA include:

(a) The inlet must "start" at Mach numbers between h and 8 and remain

started in the operating configuration.

(b) Mass flow ratio at Mach 4 should lie between 0.70 and 0.78.

(c) Maximum aerody_.amic contraction at Math 4 should not exceed

approximately 6.

(d) Contraction ratio at, Mach 6 is to be _8 at a mass-flow ratio of

unity.

(e) Contraction ratio at Mach 8 is to be e13 at a mass-flow ratio of

unity.

(U) In addition to the above constraints, an axisymmetric shape has been

selected for the engine and use of devices such as boundary-layer bleed or a

bypass system is discouraged. Mechanical limitations on the design emanate

from cooling, operational, and manufacturing considerations which include such

requirements as finite leading-edge bluntness, smooth inlet closure of the

cowl leading edge against the centerbody, and low internal cowl angles.

(U) Thus, with the given inlet geometry constraints, development

of a satisfactory configuration requires a systematic analysis of the free

variables of the problem. Finally, the complexity of the flow field requires

experimental verification of the analytical methods used in the design and

development.

3
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FIG. 2.1 INLET PERPORMANCE OBJECTIVES
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5.0 (U) TOPICAL BACKGROUND

(U) The inlet development program presents one of the more important tasks

in the Hypersonic Research Engine Program since the geometry and performance

Of the inlet influence the design and performance of the engine comoas;_r and

the exhaust nozzle. The inlet must be fully integrated with the combustor and

exhaust nozzle if satisfactory engine operation is to be achieved. This integra-

tion (i.e., the sizing of the exhaust no;zle throat area at Mach 4 and the

combustor area at Mach 6 based upon the values of inlet pressure recovery

and mass flow ratios at these Mach numbers) is discussed in detail in the

Phase I Conceptual Design Report. The inlet must also operate over the Mach

range from 4 to 8 in a stable, supercritical condition at performance levels

within those ranges shown in Figure 2.1. A further requirement for the inlet

is that it be capable of being closed when the engine is not in operation.

Thus, a geometric constraint on the configuration is that the maximum center-

body diameter be in excess of the cowl lip diameter. During the Phase I effort

an inlet configuration was evolved which satisfied, on the basis of analytical

study and experimental scale model tests, the initial requirements for per-•

formance and close-off. This inlet, which is shown in the sketch on Figure

3.1, was designated 1020. The centerbody has a conical forebody with a 10-

degree half angle, and an additional 10.5 degrees of isentropic external

compression. The Mach waves generated by this compression surface are

focused near the cowl lip at Mach 8. The cowl internal angle is ll.5

degrees, which reduces t:_ a 5-degree slope at the inlet t_roat. This

design is consistent with the upsloping combustor concept selected for

the engine. This inlet configu_atlon was carried over into the Phase IIA

Inlet Development Program and is the design used for the one-third-scale

inlet model. The design, fabrication, and wind tunnel testing of this

inlet model are discussed in Sections 6.0 and 7.0. An improved inlet

design was developed which provi_e_higher performance levels in the Mach

number range 4 to 6. This inlet design, designated inlet T, is also axisym-

metric and the centerbody consists of a 10-degree half-angle cone followed

by 12 degrees of external turning. The initial cowl internal angle is 12

degrees, decreasing to 5.6 degrees at the throat. The inlet T design was
incorporated in a two-thirds-scale twelve-inch cooled inlet model. The

analytical design, model design and fabrication, and wind tunnel testing

of this inlet model are discussed in Sections 5.0, 6.0, and 7.0, respectively.
The wind tunnel test results for both the one-third-scale and two-thirds-

scale inlet models are compared with the theoretical results in Section 8.0.

5
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h.O (U) OVERALL APPROACH

(U) The inlet developm_,t program wa_ accomplished using a combined analytical

and experimental aNproach. Analytical techniques were employed to establish

inlet contours and to estimate operating characteristics and inlet performance

parameters. Experimental techniques were employed to provide verification of

the estimated operating characteristics and inlet performance parameters.

h.l (U) ANALYTICAL APPROACH

(U) The analytical approach consisted of examining a number of inlet con-

figurations using graphical techniques and two-dimensional compressible flow

relationships to obtain approximate inlet contours and operating and perfor-

mance characteristics. Promising configurations were then subjected to a

complete viscous-inviscid flow field solution to determine more precisely the

overall inlet performance. Additional analyses were conducted to determine

inlet starting characteristics and spillage drag levels. Details of these

a_alytical techniques are discussed in Section 5.0

4.2 (U) EXPERi_fENTAL APPROACH

(U) The experimental approach consisted of the design, fabrication_ and wind

tunnel testing of scaled models of candidate inlet configurations. The analyt-

ically developed inlet contours were incorporated in the two wind tunnel

models, a one-third scale model and a two-thirds scale model. The inlet

contour 1020 developed in Phase I was incorporated in the one-third scale

model, and wind tunnel tests of this model were made at Mach numbers 4, 6, and

8. The results of these tests are given in Section 7.0. Based upon the results

of these one-third-scale model tests and additional analyses_ a two-thirds-

scale cryogenically cooled inlet model was designed and fabricated. Wind tunnel

development tests were conducted on this model at Mach numbers 4 to 4.5, 5, and

6. A configuration of this model was found which started and operated at Mach

numbers 4 to 6 over the required Reynolds number range. This inlet configura-

tion was then tested at Mach numbers 4, 5, 6, and 8 to obtain inlet performance

data. The results of these two-thirds scale tests are given in Section 7.0.

7
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A AL ZCAL DESZON

(,,_, m__.. section describes: (i) the methods used to Sesign the inlets and

establish their performance; (2) the review of the Phase I inlet; (3) the

development effort leading to the design of the Phase IIA inlet; and (4) the

Phase II& inlet design and its predicted performance.

5.1 (U) ANALYTICAL TECHNIQUES

(U) All inlet configurations developed under this study have been designed

and analyzed using the "hypersonic inlet compu%er program" (Lockheed-California

Company Computer Sciences Program Number 2095). This computer program was

developed in part under NASA-Ames Contract NAS 2-1460 and is described in

detail in Reference 2. A subsequent report (Reference 3) describes improve-

ments to 2095.

(U) Program 2095 computes the entire inlet flow field for either an inviscid

or a combined viscid-inviscid case utilizing the method of characteristics

for the supersonic inviscid flow field. The viscous flow solution starts

with a laminar boundary layer and proceeds through transition and turbulent
bounday layer calculations. Real gas or perfect gas solutions can be obtained]

Included in the program logic is a method of computing the shock-boundary

layer interaction.

(U) Several options are available for using 2095 depending upon the type of

analysis desired. These options are pointed out in the following paragraphs

on methods of analysis.

5.1.1. (U) Inlet Design Method

(U) After selection of the basic inlet concept and pertinent performance

requirements such as mass flow ratio, overall contraction and translation

limits, the first step in the preliminary design of the inlet contours is

the determination of an insentropic compression surface for the centerbody.

One option of program 2095 provides the isentropic surface using inviscid method

of characteristics, for given inputs of design Mach number, initial cone angle,

and desired focal point location

(U) The inlet internal contours are then established in a preliminary

manner on the basis of the internal operating contraction limits, the

desired contraction variation during translation (to meet the mass flow

versus flight Mach number schedule)_ shoZk strength in the internal flow

field_ and the requirements for closure of the inlet.

UNCLASSIFIED
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(U) After the preliminary inlet design has been established through the

design procedures described in the preceding paragraph, the complete external

and internal flow field solution is obtained by exercising the combined

viscid-inviscid flow option of computer program 2095. This solution includes

the effects of leading edge bluntness, real gas, heat transfer, interaction

between the viscid and inviscid flow, and shock-boundary-layer interactions.

Included in the program logic is the prediction of boundary-layer separation.

(U) The solution includes not only the flow properties throughout the inviscid

flow field but the pertinent boundary-layer properties such as edge conditions,

Reynolds number, skin friction coefficient, thickness, displacement thickness,

momentum thickness, energy thickness, profile exponent, and heat flux at each

surface point computed.

5.1.2 (U) Inlet Performance Method

(U) The method used for predicting inlet performance employs the results of

two computer programs; namely, (i) the complete flow field solution option of

program 2095, and (2) a mass weighted total pressure recovery program 2590.

(U) The complete flow field solution option of program 2095 determines the

inlet mass flow ratio and establishes the inlet throat properties for both

the viscid boundary layer and inviscid core flows. The throat mass weighted

recovery is then determined by use of program 2590. This program requires

as inputs (i) the local flow velocity, the local static pressure, and the

local total pressure distribution in the inviscid core, and (2) the cowl and

centerbody boundkry layer properties such as thickness, power law exponent,

and wall temperature ratio. The product, (Pt)(m), is integrated from the

cowl to the centerbody surface and divided by the total mass flow to obtain

the mass weighted recovery. Limited calculations were made using a momentum

weighted method which produced recovery levels approximately equal to the

mass weighted values; therefore, the simpler mass weighted values were used

throughout the program.

5.1.3 (U) inlet Starting Characteristics

(U) After the inlet design was essentially finalized through the design and

analysis procedures described above, the inlet was subjected to a starting

analysis. Both a Kantrowitz and a mixed-flow analysis were employed.

A description of these methods is given below.

(U) Schematics of the Kantrowitz and mixed flow models are shown in

Figure 5.1. The Kantrowitz method shown in the upper sketch employs the

inviscid local Mach number, calculated from the hypersonic inlet computer

program, to compute the conditions downstream of the normal shock. The Mach

number downstre_of the normal shock determines the maximum starting con-

traction ratio. The aerodynamic duct area is the geometric duct area corrected

for the displacement effects of the boundary layer on the centerbody and inner

cowl. The boundary layer gro_h downstream of the cowl lip station was com-

puted from incompressible flat plate theory. If the aerodynamic internal

10
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contraction ratios are less than the maximum starting contraction ratios, the
inlet is capable of starting.

(U) The mixed-flow starting model shown in the lower sketch in Figure 5.1 is

based upon the calculation of an equivalent supersonic Mach number ahead of

the normal shock, obtained from a mass-momentum weighting method. This

equivalent mixed flow Mach n_mber is then used to obtain the downstream flow

conditions and the maximum starting contraction ratios. In computing the

aerodynamic contraction ratios, the displacement effect of the centerbody

boundsa-y layc_ a_tr_1 of the normal shock is removed in the mixed flow

analysis.

5.2 (U) REVZ_W OF PHASE I INLET

(U) The performance of the Phase I inlet (designated inlet 1020) is presented

in Figure 5.2 in terms of contraction ratio, mass flow ratio, and throat

recovery. The results shown in the figure were originally presented in

Reference 1. They indicate that overall contraction ratios of 14.2 and 7.2

were achieved at Mach 8 and 6 for inlet mass flow ratios of 1.0 and 0.96,

respectively. An overall contraction ratio of 8.0 and a mass flow ratio of

0.70 is indicated at Mach 4. Since the Phase I inlet design formed the basis

of the one-third-scale inlet model, additional inlet performance analysis

were conducted early in Phase IIA. In particular, complete 2095 flow field

computer solutions were obtained over the Mach 4 to 8 range. These results,

which are presented in detail in Reference 4, revealed the existence of
several problem areas. These are as follows:

i. The Mach 8 computer solution showed that the spike shock was

forward of the predicted Phase I shock location. Thus, the actual

overall contraction ratio at a mass flow ratio of 1.0 was reduced

from 14.2 to about I_.8. In addition, it was found that the center-

body compression surface was not properly focused at the cowl lip,

but rather slightly inside the cowl. Improper focusing could result

in the formation of an interna! coa!esence shock when the cowl is

positioned for full capture flow.

2. With the cowl positioned at the Phase I Mach 6 operating mass flow

position (m/m o = 0.96), the complete internal flow field computer

solution indicated the possibility of separation at the second

centerbody shock-boundary-layer interaction.

(U) The Mach 4 starting characteristics of the Phase I inlet were determined

by application of the methods described in Section 5.1.3. The results from

both the Kantrowitz and mixed-flow methods are presented in Figure 5.3 for a

Reynolds number (base d 9n]cowl diameter ) of 2.95 x IO 6, and for wall tempera-
ture ratios of 0.885 and 0.466. The Kantrowitz and mixed-flow results are

represented by the solid and dashed lines, respectively. Aerodynamic contrac-

tion ratios for the Kantrowitz analysis are presented in the figure for

boundary-layer displacement thicknesses, 6*CL, computed from both the Sivells-
Payne and Spaiding-Chi skin friction corre1_tions. These skin friction corre-

lations are discussed in Reference 5. It should be noted that the cowl

_ AIRESEARCH MANUFACTURING COMPANY
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bluntness effect was accounted for in the aerodynamic contraction ratio

computations in that the flow areas were computed to the cowl stagnation

point. It is noted that both methods yielded results which would predict the
inlet not to start.

(U) In addition to the Mach 4 starting problem, a review of existing inlet

data (Reference 6) indicated that the inlet might unstart at Mach 4 due to a
large aerodynamic contraction ratio (i.e., CRo m/mo) while translating the

cowl from the starting to the operating position. The available inlet data

indicated that this parameter must have a value below about 6.0 to prevent an

inlet unstart. The peak CRo m/m o for the Phase I inlet was 5.8 which vas

initially considered to be marginal for started operation.

(U) At the start of Phase IIA, the Mach 6 contraction ratio and mass flow

ratio requirements were increased from their Phase I values to provide additional

engine performance margin. In particulars a minimum overall contraction

ratio of 8 at a mass flow ratio of 1.O was required. With the cowl positioned

for full capture flow at Mach 6, the Phase I inlet achieved an overall con-

traction ratio of only 6.2.

(U) In summary, the Phase I inlet exhibited internal flow problems over the
entire Mach number range and had reduced overall contraction ratios at

Mach 6 and 8. In view of the desired higher inlet performance, a parametric

study of various alternate inlet configurations was conducted as described
below.

55 (u) nz T P T Zc STUDY

(U) This section describes the parametric study which led to the design and
selection of the Phase IIA inlet. The objective of this study was to obtain

a design which equals or exceeds the specified performance levels over the
Mach 5 to 8 range as given in Figure 2.1. More specifically, for a mass flow

ratio of 1.0, it was desired to achieve overall contraction ratios of lb.2 and

8 at Math 8 and 6, respectively. In addition, it was desired to achieve an
inlet mass flow ratio of from 0.70 to 0.78 at _ch 4 without a spike trans-

lation reversal.

(U) Initial attempts to improve upon the performance of the Phase I inlet

resulted in the development of 15 alternate inlet configurations. These
inlets (designated B through S) are presented in detail in References 4 and

7. All of these inlets incorporated a Mach 8 focused shock-on-llp centerbody

compression surface and either an upsloping or combination upsloping an_

horizontal tD_oat. A significant result of this effort was that the Mach 6
and 8 requirement could not be achieved without exceeding the Mach 4 aero-

dynamic contraction ratio (CRo m/mo) limit. As previously mentioned, this

parameter should be below a value of about 6 to prevent an inlet unstart.

(U) Further study of means to avoid the _ch 4 CRo m/m o limit and still
achieve the desired contraction ratio requirements led to consideration of

inlets having a lower Mach n_mber design centerbody compression surface.

]2
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This effect is shown in Figure 5.4 where the Mach 4 mass flow schedules

(dashed lines) for a family of shock=on=lip focused centerbodies are compared

with a limiting mass flow schedule (solid line). The limiting mass flow

schedule is that schedule which yields a CRo m/r_ value of 5.5. This CRo m/n_

value provides some conservatism in the study. The overall contraction

schedule shown in the upper portion of the figure was obtained by use of a
3.46=degree throat angle and provides overall contraction ratios of 14.2 and

8 at Mach 8 and 6, respectively. It should be mentioned that the shock=on=

lip positions shown in the figure are for a lO-degree cone inlet centerbody.

The mass flow comparison indicates that the _ch _.D cumpression surface

design provides an acceptable m/m o schedule. However, if this surface is

operated overspeeded at _ch 8, the coalesced flow field will bend the spike

shock outward so that the shock=on-lip position occurs at a smaller X/R than

is indicated in the figure. Thus, the required CRo schedule shifts (steeper

throat angle) as well as the corresponding limiting m/m o line. Due to the
above mentioned counteracting effects, it was necessary to investigate several
alternate compression surface designs in detail in order to determine com=

patibility with the chosen design constraints.

5.4 (U) DETAIL INLET DESIGN STUDY

(U) The inlet configurations studied consisted of designs which included cowl

lip focusing at Mach 5.5, 6, and 6.5_ a "displaced" Maeh 6 focal point design,
and a double focal point design which has the front portion focused at Mach 6

and the rear portion focused at Mach 8. As will be seen, the double focal

point centerbody design concept showed considerable promise.

(U) The performance of the low Mach number compression surfaces designed for

cowl lip focusing are presented in detail in Reference 7 and are summarized
below.

(U) PERFORMANCE OF ALTER_TE DESIGNS

Design
Mach

Number

5.5

6.O

6.5

8.0

CRo

14.2

14.2

!4.2

14.2

c_ @
Mo= 6

Max. Center=

body Angle

(Degrees)

8.0

8.0

8.0

8.0

16

20

20

20.5

Peak Mach

4 CRo m/m o

8.0

8.5

6.6

6.6

Throat

Angle

(Degrees)

5.93

15.20

4.72

3.46

All of these inlets were designed for a lO-degree initial cone angle. For

comparison, the performance of a Mach 8 compression surface design is also

presented. It is seen that all of these designs exceed the limiting Mach 4

CRo m/mo. It is also seen that reducing the spike compression surface design

13
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Mach number from 8.0 to 6.5 had little effect on the Mach 4 CR o m/mo.

However, a further reduction in design Mach number greatly increases the

Mach 4 CR o m/m o because of a large deflection of the Mach 8 shock. It
should be mentioned that increasing the maximum centerbody angle from 16 to

20 degrees for the Mach 5.5 surface design would also result in a much larger

m/mo.

(U) A method of improving the performance of a Mach 6 compression surface

design over that shown above is to displace the surface so that the Mach 6

focal point lies above the Mach 6 shock rather than on the shock. This

displaced focal point design was the characteristic that, when the inlet is

operated at Mach 8, the spike shock strnegth does not increase abruptly.

A peak Mach 4 CR_ m/mo of 6.6 was obtained for this configuration and a

throat angle of _.5 degrees was required to achieve the desired Mach 8 and

6 contraction ratios. This inlet showed considerable improvement over that

of the undisplaced Mach 6 surface design.

(U) From the results of the preceding configuration analysis, it appeared

that the peak Mach 4 CRo m/m o could be lowered by utilizing the concept of a

double focal point compression surface. In this concept, the initial portion of

the compression surface is designed so that the Mach 4 CR o m/m o at the Mach 6

cowl lip position is no greater than 5.5_ while the remainder of the com-

pression surface is focused at Mach 8, on the Mach 8 shock. The aft portion

of such a compression surface_ therefore_ promotes increased Mach 4 spillage

. (lower CRo m/mo) when the cowl is in the high contraction region.

(U) A centerbody which employed a 10-degree initial cone angle and a double

focal point surface was designed and is shown in Figure 5.5. Note that the

initial 5.8 degrees of compression turning is focused above the Mach 8 shock

to achieve the desired CR o m/mo of 5.5 at the Mach 6 cowl lip position. The

short straight section between the two compression surfaces delays the Mach 8

shock deflection and thus minimizes the throat slope angle.

(U) The Mach 4 performance of this centerbody is shown in Figure 5.6. Note

that the peak CR o m/m o is 6.17 and the required throat angle is 5.645 degrees.

Thus, even though the peak CR o m/m o is still higher than the desired value of

5.5, this configuration showed considerable promise for application to an

alternate inlet design.

(U) A centerbody design with a 12-degree initial cone and a double focal

point compression surface was also developed, since it appeared that the

pe_ Mach 4 CR o m/m o could be slightly reduced. This surface and its flow
field is sho_m in Figure 5.7, and the Mach 4 performance is sho_m in Figure 5.8.

Note that the peak CR o m/mo is about the same as for the i0 degree cone design

and a throat angle of 7.345 degrees is required.

(U) Since the analysis showed that both the lO-degree and 12-degree cone

double-compression surface designs provide about the ssmle performance poten-

tial_ complete inlet contours were developed so that additional comparisons

could be made. Internal contours of the iO-degree cone inlet, designated

_4
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inlet T, are shown in Figure 5.9. The contours of the 12-degree cone inlet,
designated inlet U 3 are shown in Figure 5.10. Both inlets are compared directly,
and wi_h inlet 1020, in Figure 5.11. It should be noted that the inlet T coor-

dinates presented in Fi_are 5.9 differ slightly from the final inlet T coordi-

nates in that the cowl was slightly modified_ as will be discussed shortly.

(U) The schedule of overall contraction versus internal contraction is

shown in Figure 5.12 for both inlets. It is seen that the inlet T contraction

schedule is about the same as inlet 1020, while inlet U is impro_ea, lo
should be mentioned that in order that the inlet T contraction schedule be as

good as inlet 1020 a minimum 12-degree initial cowl angle was required.

(U) Inlets T and U are similar in several respects. In addition to the same

Mach 4 CRo m/m o characteristics mentioned above, they have about the same

cow1 lip flow expansion angle at Mach 6 shock-on-lip, and the same flow turn-

ing angle into the cowl. Due to the latter similarity, and on the basis of
previous computer solutions, they would be expected to have about the same

mass-averaged pressure recoveries. Inlet U is a shorter inlet having a

shorter closure stroke and better internal contraction schedule, but inlet T

has a lower throat angle which is more desirable from the standpoint of engine
integration.

(U) Because of the lower throat angle, inlet T was selected as the Phase IIA

inlet design and was subjected to further analysis. In particular, internal
flow field computer solutions at _._ch 4, 6, and 8 were obtained. These

results_ presented in Reference 7_ indicate that a considerable amount

of internal Mach wave coalesence was present at Mach 6. Because of this, the

inner cowl compression surface of inlet T was slightly modified, since it

appeared that the coalescence was caused in part by a rapid change in surface

angle at the start of the cowl compression surface. A plot of surface angle

versus distance from the cowl lip is shown in Figure _ for both the original

and modified inlet T cowls. The modified cowl contour eliminated the large-
surface slope gradient and also spread the cowl compression surface over a

greater length. Additional performance results were obtained by use of
program 2095 for the modified inlet T contour, the coordinates of which are

presented in Figure _ll_4 These results are presented in Section 5.5 and

indicated that the amount of coalescence occurring at Mach 6 was not reduced.

A large amount of internal Machwave coalescence is undesirable since a

coalescence shock is formed. The results of a starting analysis presented in

Section 5.5 indicated that although inlet T wasbetter than inlet 1020, the

Mach 4 starting characteristics were still considered to be theoretically
marginal.

(U) Additional alternate inlet configurations were developed in an attempt

to improve upon the performance of inlet T. In particular, inlet designs
were investigated which (1) minimized the amount of internal Mach wave

coalescence, (2) reduced the pea/_ Mach 4 CRo m/mo, and (3) improved the
Mach 4 starting characteristics. These alternate inlet designs are presented

15
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in References 5, 8, 9, and i0. A significant result of this study was that

the latter two objectives could not be accomplished without reducing the

Mach 8 operating contraction ratio. The amount of internal coalescence

could be reduced by lengthening the diffuser; however, the longer diffuser

promotes greater boundary layer grovth and could make the inlet more difficult

to start at Mach 4.

5.5 (U) PERFORMANCE OF PHASE IIA INLET

(U) During the course of the Phase IIA contract, the theoretical performance

of inlet T was obtained in considerable detail by use of the hypersonic inlet

computer program 2095. Theoretical performance results were obtained for

Mach numbers ranging from 4 to 8 for both the full-scale and two-thirds-scale

inlets. The full-scale inlet performance results are presented below,

followed by the two-thirds-scale inlet results.

5.5.i (U) Full-Scale Inlet

(U) Shock structures for the full-scale inlet at Mach numbers 4, 6, and 8

are presented for altitudes of 74,000, 91_000, and 103,000 feet, respectively,

in Figures 5.15 through 5.17. The theoretical solutions at Mach 6 and 8 were

run with the cowl positioned for almost full capture flow at which points

the _overall geometric contraction ratios were 8.35 and 14.2, respectively.

The Mach 4 solution was run with the cowl in about the same position as the

Mach 6 case and resulted in an inlet mass flow ratio of O.71. The Mach 6

contraction ratio value of 8.0 specified in the previous section was com-

puted for an altitude of 103,000 feet. It should be mentioned that boundary

layer trips were assumed to be located at Station 4.2 on the centerbody for

the theoretical solutions. The results do not_ therefore_ reflect the final

inlet configuration which does not have boundary layer trips.

(U) The theoretical throat total pressure profiles and mass weighted

recoveries for the above cases are presented in Figure 5.18. Additional full-

scale inlet performance parameters such as mass flow ratio_ spillage drag_

and CRo m/m o schedules are presented in Figures 5.19 and 5.20.

(C) The only limitation to the above results is _hat a coalescence shock is

formed at Mach 6 and was not accounted for in computing the inlet throat

recovery. The coalescence shock arises from the internal Mach wave coalescence

which is indicated in Figure 5.16. The coalescence is due in part to the

sharp focusing of the compression fan generated by the inner cowl compression

surface. The compression fan originating from the aft compression surface on

the centerbody is also focused on the inner cowl compression surface. The

reflection of this fan off the cowl is primarily responsible for the large

amount of coalescence. Analysis of the effect of the presence of the coales-

cence shock reduces the Mach 6 recovery to a value of about 0.53. This

recovery value was obtained from calculations performed on the two-thirds-

scale inlet model as discussed in Section 5.5.2.

16
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(U) The full-scale performance of inlet T was further defined by use of

program 2095 for the following conditions:

(U) _qKEESTREAM CONDITIONS FOR THEORETICAL SOLUTIONS

Case Mo Po (PS_A) To (°R) Tw (°R)

7O

5o

71

72

5.793

6.5

6.645

7.0

0.5]7

o.764

0.2

0.!41

446

551

496

451

14oo

i0oo

i0o0

I0OO

The Mach 6.5 results are presented and discussed in Reference 8, while the

remainder of the cases are presented in Reference 9 in terms of inlet shock

structures and static pressure distributions. The Mach 6.5, 6.645, and

7.0 cases did not proceed to completion because of severe internal Mach

wave coalescence. The partial computer solutions were sufficient, however,

for estimating the inlet internal shock structure and flow fields.

(U) The full-scale inlet performance at Mach numbers 4, 6, and 8 was also

computed for a larger cowl lip bluntness radius. The inlet shock structures

for these cases are presented in Figures 5.21 to 5.23. The Maeh 4 and 8

results are presented for a cowl lip radius of 0.05 inches while the Mach 6

results are presented for a 0.06 inch radius. The throat total pressure

profiles and mass weighted recoveries are presented in Figure 5.24. Again the
Mach 6 results do not reflect the presence of a coalescence shock. The

above cases indicated that no boundary layer separation would occur and that

the inlet performance would be satisfactory for a larger cowl lip radius.

However, the larger cowl lip radius would make the inlet more difficult to
start because of a stronger cowl shock and increased internal contraction

(due to increased capture flow area at the lip station).

5.5.2 (U) Two-Thirds-Scale Model

(U) The theoretical performance of the two-thirds scale inlet model was

obtained in considerable detail for both the d_sign and alternate model con-

figurations. These alternate configuratigns are presented in Section 6.0

and consisted of designs with eithe_ drooped or outward displaced cowl lips.

The performance for the design configuration is presented below, followed
by the development study which led to the selection of the alternate model

configurations. The theoretical performance for several of these configura-

tions is then presented. Finally, the results of a boundary layer transition

study which was conducted in support of the experimental effort is presented.

17
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5.5.2.1 (U) Design Configuration

(U) The following complete flow field solutions from program 2095 were

obtained for the design model configuration.

Case

132

46

85

131

86

136

14o

138

M
O

4.0

4.O

4.53

5.0

5.0

6.0

7.93

8.0

C) SUMMARY OF THEORETICAL SOLUTIONS

Pt (PSm)
0

3o

73

59.4

Tt (°R)
O

65o

7oo

657

m/m o

0.718

O.713

o.783

4o

77.5

75

225

65O

655

655

85o

1285

1335

o.858

o.855

1.o

o.949

0.968

_t/Pt
0

O. 77

o.67

o.53

o. 498

O. 482

The freestream conditions shown correspond to the AEDC Tunnels A and B test

conaitions. Mass weighted throat total pressure recoveries are also pre-

sented in the tabulation. The recovery values are in agreement with the

full-scale results at Mach 4 and 8. Since all calculations were for equi-

librium air, this indicates that theoretically the real gas effects are not

significant over the range of conditions studied.

(C) At Mach 6, the complete flow field solution (case 136) did not proceed

to completion because of severe internal Mach wave coalescence. The partial
computer solution was sufficient for estimating the shock structure arising
from th@ coalescence. The flow deflection across the shock was found to

increase to a maximum of 13 degrees at its intersection with the centerbody

boundary layer and imposed a static pressure rise on the boundary layer of

9.4. This is believed to be sufficient to separate the boundary layer for
adiabatic wall conditions. By an approximate streamline tracing technique,

the throat total pressure profile was obtained for case 136. Integration of

this profile resulted in a mass-weighted recovery of 0.53.

(U) The detailed performance results from the above cases for the design
configuration are presented in Section 8.0 (Comparison of Experimental Data

with Theory) in terms of inlet shock structures, wall pressure distributions,

and throat total pressure profiles.

(U) Since the results of an inlet starting analysis performed on the Phase I
1020 inlet indicated that the Kantrowitz method gave more conservative results

than the mixed-flow method, the Kantrowitz method was applied to the design

configuration of the two-thirds-scale inlet model. The Mach 4 results are

18
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presented in Figure 5.25 for a wall temperature ratio of 0.572 and a Reynolds

number (based on cowl diameter) of 5.9 x 106 . It was assumed in the analysis

that trips were located at Station 4.66. It is seen that the minimum aero-

dynamic internal contraction ratio is slightly lower than the maximum start-

ing contraction ratios. Thus, the inlet would be predicted to start. It

should be mentioned that this result is in poor agreement with the experi-

mental results (see Section 7.0) in that the inlet would not start with

boundary layer trips.

(U) Although it was concluded that inlet T should start easier than inlet

1020, the Mach 4 starting characteristics were still considered to be theo-

retically marginal. A study was therefore conducted to determine if the

Mach 4 starting characteristics of the two-thirds-scale model could be

improved by a modification of the cowl or centerbody. The results of this

study are presented below.

5.5.2.2 (U) Study of Alternate Model Configuration

(U) This section describes the study which led to the selection of several

alternate model configurations. The objective of this effort was to determine

if it was possible to obtain an inlet configuration with theoretically better

starting and operating characteristics at Mach 4 than the basic inlet T design,

through a slight modification to inlet T. More specifically_ it was desired to

obtain a configuration which has an increased h/_ at the start position and a

reduce_ peak CR o m/m o. A characteristic of an unsloping Tnlet design is that

when the cowl is positioned for low internal contraction ratios associated with

inlet starting, the major portion of the Captured mass flow is made up of the

centerbody boundary layer. Thus, an increased h/6 is very desirable since the

Mach number at the cowl lip station is effectively increased and provides

greater potential for an inlet start to occur. An increased h/6 also reduces

the pressure rise imposed on the boundary layer by the cowl shock and increases

the probability of an inlet start by reducing the extent of boundary layer

separation.

(U) The configurations investigated consisted of basic inlet T designs with

drooped and outward displaced cowl lips. The study was limited to designs which

could be achieved by replacing the cowl lip section of the model, or machining

the cowl or centerbody. It should be noted that the initial 1.5 inches of the

two-thirds-scale inlet model cowl was uncooled and replaceable. The results

of this study and details of the selected cowl configuration are presented
below.

(U) The theoretical h/6 characteristics of the drooped, standard, and outward

displaced cowl configurations for the standard centerbody are presented in

Figure 5.26. Also shown in the figure are lines for constant values of

internal contraction. It is seen that the drooped cowls (RcL < 6.0) have

higher values of h/6 for a given CR I than the standard design (RcL = 6.0).

The drooped cowl configurations also have reduced mass flow schedules, and

therefore, lower peak CRo m/m o. It should be mentioned that the drooped

cowl designs were obtained by simply reducing the cowl radius while main-

taining the same length of the replaceable cowl lip section. The drooped

cowl configurations were subjected to an inlet starting analysis, and these

19
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results are presented in Figure 5.27 for both the standard and shaved

(0.15-inch) inlet centerbodies. On the basis of these results, the drooped
cowls were selected as alternate configurations. The coordinates, contrac-

tion characteristics, and CRo m/mo schedules for these designs are presented
in Section 6.0.

(U) The results presented in Figure 5.26 for the three outwardly displaced

cowls (RCL = 6.015, 6.044, and 6.06) are for configurations which have the
same overall contraction at _ch 8 as the standard inlet design. The drooped

cowl configurations have lower Mach 8 contraction ratios since the cowl must
be moved further forward to achieve full capture flow. The outward displaced

cowl configurations were obtained by positioning the cowl on the Mach 8 shock,

increasing the cowl diameter, and then translating the cowl back to the Mach 8

shock on lip position. The throat area was increased by shaving the cowl to

obtain an overall CRo of 14.2, full scale. The length of the replacable
cowl section remained the same as for the standard design, and therefore, the

diffuser length with the cowl in the Mach 8 position was reduced. The amount

of shaving required is noted in the figure. It is seen that displacing the

cowl outward, while maintaining the design Mach 8 contraction, does not sig-

nificantly improve h/6 for a given value of internal contraction ratio.
Additional internal and overall contraction characteristics for the above

configurations are presented in Figures 5.28 and 5.29.

(U) The results presented above for the cowls with increased capture diam-
eter can also be achieved without throat shaving. This is accomplished by

reducing the length of the replaceable cowl section so that the cooled por-

tion of the cowl is moved forward, thereby achieving the same effect as

throat shaving. A contour developed by this method for a 6.06-inch cowl
radius is shown in Figure 5.30. Although this design does not improve h/6

for a given CRI (see Figure 5.26) it is the largest configuration change
that can be achieved while maintaining the design Mach 8 contraction and a

peak CRo m/m o of about 6.2 at Mach 4. For this reason, it was also selected
as an alternate cowl design.

(U) The following flow field solutions from program 2095 were obtained for

the alternate model configurations.

(C) THEO_TICAL SOLUTIONS

Case

67

63
66

75

77

78

76

M
O

4

4

4
6

6

6

8

Cowl Radius

RCL (In.) Centerbody
m/m o

2O

5.985
5.985
5.985
6.0

5.985
5.976
6.0

Design

Design

Design
Shaved

Design

Design
Shaved

o.78
0.7o
o.56
1.O

1.O

1.0

1.O

Cowl Pos.

XCL (In.)

22.534

23.258

23.94

23.4

23._8

23.233
24.60 . /i)%,-;
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(U) At Mach 4, computer case 66 was of particular interest since the peak

CRo m/m o occurs when the cowl is positioned for a mass flow ratio of about
0.56. The results indicated that boundary layer separation should not occur

and that the average throat _ch number was sufficiently high (Mth = 1.63)

to prevent an inlet unstart. Furthermore_ the solutions for the higher mass
flow settings (cases 67 and 63) indicated satisfactory inlet performance at
Mach 4.

(C) As noted in the table, the cffec * of cowl droop and centerbody shaving

on the Mach 6 inlet performance was investigated. These cases (cases 75,

77, and 78) did not proceed to completion because of internal wave coalescence.

The mass weighted recovery for the standard cowl-shaved centerbody configura-

tion was estimated to be 0.49 and was computed by the method presented in

Section 5.5.2. it should be mentioned that the internal flow field computer

solutions and coalescence shock strengths were similar for all of the above

Mach 6 cases. It was therefore concluded that the Mach 6 inlet performance

was insensitive to cowl droop or centerbody shaving, and furthermore, neither

of these minor modifications reduced the strength of the coalescence shock.

(U) The Mach 8 computer case (case 76) indicated satisfactory inlet perform-

ance for the shaved centerbody configuration.

(U) Additional performance details for the alternate model configurations

are presented in References 5 and lO.

5.5.2.3 (U) Boundary Layer Transition Study

(U) Prior to the third AEDC Tunnel A development test entry (see Section 7.0)

of the two-thlrds scale inlet model_ a boundary layer trip study was con-

ducted. The purpose of the study was to select the trip configurations to

be tested. In addition, the study served toclarify the large variations

in boundary layer thicknesses observed at Mach 4 during the development test
entry. These results are discussed below.

(C) Several theoretical centerbody boundary-layer solutions for the two-

thirds-scale model were obtained for various trip locations at Mach 4 and

two Reynolds numbers. The displacement thickness distributions from these

solutions ar_ given in Figt3r.es 5.31 and 5.32 for Reynolds number per foot
of 5.11 x lOo and 2.1 x lOOb, respectively. It is seen from these distribu-

tions that the displacement thickness is strongly dependent upon the transi-

tion locations. For example, from Figure 5.31, 6" varies from 0.013 inches

to 0.031 inches at Station 23 as the transition point is changed from
Station 23 to Station 4.66. The measured 6*'s at Station 23 are shown on

Figures 5.31 and 5.32. The agreement is considered reasonable at the high
Reynolds number shown in Figure 5.31_ whereas the measured 8*'s in

Figure 5.32 are lower than the theoretical values. It is important to note
that the measure 8*'s without trips agree well with the laminar boundary

layer solution. This suggests that natural transition under these conditions

occurred downstream of Station 23.
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(U) Based upon the foregoing results, it was decided to test configurations

with trips placed near the end of the initial lO-degree cone at Station 12

and between the compression surfaces at Station 20. The effective trip

Reynolds number Re K (based on trip diameter, K) for the above stations was

computed from the following equation, as recommended by van Driest and

Blumer (Reference ll).

1

Re K = 33.4 i + 0.81 . + 0.37 - ReXK

The effective trip Reynolds number is the minimum Reymolds number for which

transition occurs by use of trips. The trip Reynolds numbers and the trip

heights were computed at Mach 4 and Mach 8, and the results are shown in

Table 5.1. From Table 5.1_ trip diameters of 0.015 inch and 0.031 inch were

selected for Station 20, while a O.O15-inch-diameter trip was selected for

Station 12. On the basis of van Driest's work_ it was decided to space the

spheres 6 diameters apart.

KANTROWTTZANALTSIS /_

MIXED _w.DWANALT3IS I

FIG. 5 .i KANTROWITZ AND MIXED FLOW INLET STARTING ANALYSES
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6.0 (U) MODEL DESIGN AND FABRICATION

6.1 (U) ONE-THIRD-SCAT.E MODEL

(U) An assembly drawing of the one-third-scale inlet model is shown _n

Figure 6.1. The model is six inches in diameter at the cowl lip and 61.LC

inches in length. This inlet model is axisymmetric and has a translating

centerbody and mass flow plug. The translating centerbody controls the

inlet capture flow and overall contraction ratio, and enables the inlet to

close off. The mass flow plug is used for flow metering and internal shock

control. The centerbody has a blunted 10-degree cone followed by 10.5

degrees of external compression, which provides isentropic compression

focused just upstream of the cowl lip st Mach 8. The blunted cowl starts

with an initial internal angle of 11.5 degrees, followed by internal com-

pression to a 5-degree upsloping throat. The centerbody and cowl internal

contours are based on the inlet 1020 design, and the coordinates for this

design are given in Table 6.1. These _____S_L___$___l=aq_e

.configuration_ap_to_t..he .s_bsonic diffuser exit station, l The external cowl

radius cireulsr arc, tangent to the cowl lip at an angle of 37 degrees;

referenced to the model centerline. The external surfsce is then faired

from station 13.940 inches <o the end of the cowl as shown.

(U) The centerbody translates at a rate of 0.312 inch per minute from

close-off to 1.88 inches aft of this station. The mass flow plug translates

0.935 inch per minute from close-off to 3.4 inches aft of this position.

The centerbody and plug positions are measured by linear mction potentiom-

eters which have travels of 5.5 inches and 2.5 inches, respectively. These

are both I000 ohm potentiometers with 0.2 percent error over the complete

scale. The drive motors and potentiometers were water cooled, since the

model was exposed to high stagnation temperatures.

(U) The centerbody has two interchangeable nose tips of 0.0417 inch and

0.0833 inch radii, and provisions for installing an insert with boundary

layer trips 1.8 inches aft of the centerbody cone vertex. These insert

trips include vortex generators and three-dimensional roughness elements.

--Two sets of vortex generator inserts, consisting of 16 evenly spaced triangles

with 18-degree pitch, are available.- They are 0.020 inch high by 0._ inch

long, and 0.258 inch high by 0.080 inch long. In addition to the insert

trips, two rings of vortex generators were fabricated to slip over the

centerbody at distances of 8.09 inches and 12.098 inches from the cone vertex,

and contained 16 and 24 vortex generators, respectively. These vortex

generator elements also have 18 degrees pitch and are triangular shaped with

s height of 0.053 inch and length of 0.378 inch.

55

: UNCLASSIFIED



UNCLASSIFIED

(U) The model was fabricated of 17-4PH stainless steel, in conformance

with the recommendations of AEDC. The basic structure supporting the model

is a 3-inch-diameter sting. The cowl is fixed to the sting by four struts,

while the centerbody and mass flow plug are translated independently on the

sting by electric motors. These are planetary gear globe motors, number
_..,_,_A<o_ powered by 2h volts dc, rewlng rdm_--_'o _,_._-_@_f_'. The motors

run at 11,300 rpm, have a gear reduction ratio of 3382, and provide a torque
of I000 oz.-inch.

(U) The model instrumentation is defined in Table 6.2 and illustrated in

Figure 6.2. The instrumentation consists of 20 static-pressure taps and 13

thermocouples on the centerbody_ 6 static pressure taps and 5 thermocoupies

on the internal cowl surface, and 7 static pressure taps on the external

cowl surface. All thermocouples are chromel alumel. A detachable rake is

provided at the cowl lip to measure spillage drag at Mach 3.0. Rakes are

provided on the centerbody at Station 14.34, at 0 and 180 degrees, to measure

the inlet pressure recovery in the supersonic mode. In addition, rakes are

installed on the cowl at Station 19.667, at 0 and 180 degrees, to measure

inlet pressure recovery in the subsonic mode. The forward rakes on the

eenterbody are removed when the cowl rakes are used. The cowl rakes are read-

ily removable for inspection. Four rakes are provided dovmstream in the dif-

fuser at Station 28.38 to measure inlet mass flow.

(U) Figure 6.3 presents the axial distribution of inlet internal area for

various cowl positions. The internal and overall contraction ratios obtained

from these area distributions are given in Figures 6.h and 6.5, respectively.

Combining the latter two curves gives the schedule of overall versus internal

contraction shown in Figure 6.6. The theoretical mass flow ratios m/m o at
Mach 4, 6, and 8 are presented in Figure 6.7 for varying cowl positions.

Having established the inlet mass flow schedule, the aerodynamic contraction

ratio CR o x m/m o was determined and is shown in Figure 6.8. Figure 6.9

shows the effect on exit area ratio AE/A C of varying the exit plug position.

The relation between cowl lip distance from close-offAX and cowl position

XCL is given in Figure 6.10.

6.2 (U) TWO-THIRDS-SCALE MODEL

6.2.1 (U) General Description

(U) The detail design of the two-thirds scale model is shown in Figure 6.11.

The model is 12 inches in diameter at the cowl lip (with some variations as

discussed below) and is 79.5 inches in overall length. This inlet model is

also axisymmetric and has a translating forward cowl and aft mass flow skirt.

The translating forward cowl controls the inlet capture mess flow and oversll

contraction raiio, and permits inlet close off. The translating aft mass

flow skirt and fixed plug are used for flow metering and internal shock

control. The centerbody also has a blunted I0 degree cone followed by 12

degrees of external compression. The blunted cowl starts with an initial

internal angle of 12 degrees (with some variations as discussed below),
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followed by internal compression to an upsloping throat of _.6_5 degrees.

The centerbody and cowl internal contours are based on the inlet T design

discussed in detsii in Section 5.0. The external cowl contour near the cowl

lip from the cowl lip (Station 2k.658) to Station 26.20 is a 4-inch-radius

circular arc, tangent to <he cowl lip at 37 degrees referenced to the model

eenterline. The external contour near the cowl lip is geometric_lly similar

ro the one-third scale model. The complete model is cooled by flowing gaseous

nitrogen through internal passages shown in Figure 6.11. The inlet model is

described in more detail in the following paragraphs.

6.2.2 (U) Hardware Details

(U) The forward cowl translates 3.6 inches forward from close-off, and the

mass flow skirt translates 3.75 inches. The cowl and skirt are translated by

electrical motors, mamufactured by Nash Control_s_I,ncor_r_te_d_ The forward

c_'l motor is model SDL 1632 M3. This is a 4.5 pound motor with a variable

speed of from 0 to 6 inches per minute of translation at a rated load of 1500

pounds. This motor is mounted externally on the movable cowl. The skirt

motor is model SDL 1326 MI5. This is a 2.5-pound motor also with a variable

speed of from O to 6 inches per minute translation with a normal load of 650

pounds. This aft motor is mounted on the fixed support shell. Potentiometers

are used for the location and control of the cowl and the skirt. These motors

and drive mechanisms are readily accessible for ease of repair and

ms,intenance.

(U) The cowl and skirt are supported on spring-loaded rollers mounted on

four stellite 6B roller pads. The cowl rollers are directly over the four

struts for minimum deflection and are 45 degrees from the vertical for

minimum stresses on the rollers st angle of attack. _-_e rollers and motors

are shielded and are cooled by flowing a portion of the gaseous nitrogen

over them.

(U) The model was constructed of stainless steel 17-4PH except for the

stellite roller pads. Stainless steel 17-kPH was selected primarily on the

basis of its high strength properties. Other factors include its favorable

thermal characteristics_ good stability characteristics with temperature

gradients, ease of fabrication_ corrosion resistance and availability. _he

cowl sea__ere designed and manufsetured b_ the Shambam Company. These are _f

teflon seals with a fiber glass internal flexure.

6.2._(U) Cooling System and Heat Transfer Analysis

(U) An extensive heat trsnsfer analysis was performed on the two-thirds

scale inlet model and is reported in detail in Reference 8. The results of

this analysis and the res_Iting cooling system in the model are described

below. The internal centerbody and cowl coolant passages were designed to

give approximately a constant _@O°R o_ter wall temperature for freestream

tunnel conditions of Mach 8, 454-psi tunnel total press_re and I_CO°R total

temperature. To do this, the routin_ of the gsseo_s nitrogen coolant is ss

follows: (See Figure 6.11)
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Centerbody

i. The flow enters through a 1-inch-diameter tube along the model

centerline to centerbody nose.

. Flows back through centerbody coolant passage to the model support

shell.

,

2.

Flows through an inner row of orifices along the four struts (forly-

one, 3/32 inch-diameter holes per strut).

Flows radially outward in the four struts through another row of

orifices (forty-three, 3/32-inch-diameter holes per strut).

,

,

Flows forward along channel to the forward strut station and turns

aft through the outer support shell.

Exhausts into tunnel through 72 equally spaced 3/32-inch-diameter

holes.

Cowl

I, The flow enters from two 5/8-inch-diameter external lines to a

plenum.

, Flows forward through the outer cowl coolant passage to the ccwl lip

region.

3. Ylows aft through the inner coolant passage to the outer shell.

Flows through ninety-six, O.12-inch-diameter holes, each 1.5 inches

in length.

, Flows through the outer shell and exhausts into the tunnel through

112 equally spaced 3/32-inch-diameter holes.

(U) From detailed heat transfer analyses made over the aerodynamically

simulated surfaces, the coolant mass flow requirements, model wall thicknesses,

and coolant passage height were established to yield approximately a unifbrm

wall temperature. The centerbody and cowl wall thicknesses were selected to

equal 0..125 inch and O.1875 inch, respectively. These thicknesses were

selected primarily on a structural basis. The 4esign procedure was tc compute

(using the Lockheed Inlet Computer Program) the heat transfer distribution

on the centerbody and internal cowl for freestream tunnel conditions of

Mach 8, Resmolds number per foot of 2.27 x i06_ and total temperature of 1300 °

R. Then for various coolant mass flows, the centerbody and cowl internal coolant

passage height distributions were computed for a 400°R outer wall temperature

(from the heat balance equations). Once the coolant passages were sized, the

coolant mass flows were selected so that the outer wall temperatures on the

centerbody and cowl were approximately 400°R. A summary of the resulting

coolant mass flows, pressures, and temperature are shown in Table 6.3 for
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the tunnel test conditions at freestream Mach numbers of 4, 6, and 8. It is

seen from this table that coolant mass flows of 12,_0 Ib/hr and 7,500 ib/hr

for the cowl and centerbody_ respectively, were required at the high Reynolds
number at Mach 8.

6.2.4 (U) Stress Analysis

(U) The model support shell is the major component of the model, and therefore,

received extensive analysis. To prevent excessive stresses from occurring

on the four support struts and inner and outer shells, due to thermal gradients,

uniform cooling was provided in these areas. This was accomplished by the

cooling system previously described. Stresses on the cowl rollers were

computed usJ_ag_!e_peratures at two di_li_rent cross sections in the

region of the support struts and were found to be within the limits of the

material.

P

(U) The aerodynamic loads on the two-thirds-scale model were estimated using

the test data from the one-third-scale model tests. Assuming one side of the

inlet was started and the other side unstarted, centerbody side loads of

1050 pounds and 2060 pounds were computed for tunnel conditions of Mach 6

and 250 psi total pressure and Mach 8 and 650 psi total pressure, respectively.

The cowl loads were approximately the same ss the centerbody !osds since the

major portion of the loading is internal and aft of the cowl lip. A detailed

stress analysis of the two-thirds-scale inlet model is reported in Reference
12.

6.2.5 (U) Helium Injection

(U) The model incorporated a system for helium injection at the inlet

throat. This system is shown instsl!ed on the model on the lower half of

the inlet model drawing in Figure 6.11. The helium passed through the one-

inch inside diameter line shown at the aft of the model to a large plenum

and then to the helium plenum as shown. Two rows of 18 tubes each, 3/16-

inch diameter by 3/4 inch long_ connect the two plenums. The helium is

injected through two rows of 360 orifices each, O.066-inch diameter, in the

centerbody with the rows at Station 27 and 28.4L inches (these orifices were

drilled at the test site just prior to the helium injection tests). The

helium plenum is detachable and was only installed during the helium tests.

6.2.6 (U) Bleed System

(U) The two-thirds-scale inlet model has a boundary layer bleed system.

Although this bleed system was not tested_ it will be described briefly. The

hole pattern for the system consists of three rows of 80, 0.086 inch, bleed

holes equally spaced in the centerbody at Stations 25.236, 25.416, and 25.596.

These holes were to be drilled in the centerbody shell at the test site. The

bleed plenum is shown installed in the model in the lower left-hand side of

Figure 6.11. The bleed flow passes into two plenums as shown, into the model

support cavity, and is exhausted out the holes in the plug at the aft of the

model. The system is designed to bleed up to 0.0054 of the captured mass flow

at Mach 4 with the cowl in the starting position of 2h.9.
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6.2.7 (U) Test Configurations

(U) To test a range of internal contraction ratios and peak Mach 4 mass

flow contraction ratio products, various centerbody and cowl leading-edge

configurations were fabricated. Two centerbodies, termed "shaved" and

"standard", and six cowl leading edges were used to make up these configurszions_

which are identified in the following table. Included in the table are the

referenced tables which give the coordinates of each configuration. The basic

inlet T design consists of centerbody CB 2, and cowl CL3.

(U) SUMMARY OF TEST CONFIGURATIONS

k

Surface

Centerbody

Cowl

Type

Shaved

Standard

Blunt

Sharp

Desig-

nation

CB_
CL!
CL_

cr,_
CL-

Blunt Cowl

Lip Radius,

Inch

.02

.02

.02

.04

•001

.02

Cowl Radius

at Tangent

Point,lnch

5.9757

5.985
6.ooo

6.OOO

5.985
6.06

Coordinates

(Ref erenc e

Table )

Table 6. h

Table 6.5

Table 6.6

Table 6.7

Table 6.8

Table 6.8

Table 6.7

Table 6.9

(U) A complete list Qf configuration symbols is presented in Table 6.10.

Because the first 1.5 inches of the cowl leading edge was uncooled, the cowl

lip radius theoretically increase_ approximately 0.0036 inch for each IOO°F

that the lip was heated above ambient• For example, the radius increased

0.005 inch when the model was tested in Tunnel A at Mach 4, and 0.030 inch

in Tunnel B at Mach 8. The cowl radii and the coordinates specified above

for the uncooled region of the cowl reflect the thermal expansion which

occurs at Mach 4.

(U) The internal area distributions were computed for the standard inle_ T

fo_ various cowl positions, and these areas are shown in Figur_ 6.12. The

coordinate XCL is defined as the distance from the centerbody cone vertex to
the tangency point at the cowl lip_ defined by the intersection of the blunt

cowl lip and the internal cowl contour. This coordinate XCL is used through-

out the report to identify the cowl position• The computed internal and

overall contraction ratios for the various inlet configurations are given in

Figures 6.13 and 6.14, respectively• The internal versus overall contraction
ratios were obtained from these figures as shown in Figure 6.15. It is seen

from Figure 6.15 that inlets I, 2, and 6, with the shaved inlet T centerbody,

have a more favorable internal contraction raiio schedule than inlets 3_ h,

and 5 (configuration numbers sre identified on the figure). The estimated

effect of the Msch 8 tunnel total temperature on the overall contraction ratios

for the design configuration is shown in Figure 6.16. The theoretical mass

flow ratios and spillage drag coefficients for the standar@ inlet T contour

are shown in Figure 5.19. The Mach 4 aerodynamic contraction ratios (product

6O
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of contraction and mass flow ratio) for the various inlet configurations

are shown in Figure 6.17. It is seen from this figure that inlet number 7

has the highest peak aerodynamic contraction ratio, and inlet 6 has the

lowest. The physical overa!l contraction rstio CR o and the aerodynamic

contracziom ra_io versus cowl position sre given in Figure 5.20 for the

standard inle_ (inlet number 3). The aerodynamic contrsction ratio is

shown for Mach numbers 4, 6, and 8. Finally, the inlet configuration

characteristics are summarized in _able 6.11.

(U) The exit area variation associated with the aft skirt translation is

given in Figure 6.18. This area is the minimum area between the fixed plug

and the skirt and is the area used in the mass flow calculations.

(U) The manufacturing procedure originally proposed on the full-scale

engine called for thin rings to be installed on the external surfaces of the

inlet centerbody and cowl. These rings, termed "doublers", were simulated

on the two-thirds-scale model and are shown in Figure 6.19. The following

modifications to the model were made: (I) alteration of initial centerbody

cone angle from i0 degrees to 11.5 degrees back to Station 0.534 inch; (2)

incorporation of two centerbody doublers 0.01 inch thick located at Stations

k.5 inches and 22.733 inches; and (3) incorporation of a cowl doubler 0.003

inch thick located 0.362 inch aft o± the cowl lip. The above dimensions are

for the two-thirds-scale model. The results from tests of these doublers are

reported in Section 7.0. As discussed in this section all centerbody doublers

were eliminated while the cowl doubler on the full-scale engine was retained.

6.2.8 (U) Instrumentation

(U) Instrumentation on the two-thirds-scale model consists of 44 static

pressure zaps, 26 thermocouples, 3 heat transfer gages, 3 high-frequency

transducers, 5 throat rakes, 2 subsonic diffuser exi_ rakes_ and one spillage

drag rake. A complete list of instrumentation including pressure taps, thermo-

co_Iples, heat transfer gages, high-frequency transducers, and pitot and

_emperature rakes is given in Tables 6.12 and 6.13 and the instrumentation is

illustrated in Figure 6.20. The static pressure tap and thermocouple locations

on the cowl and centerbody are shown in Table 6.12.

(U) The locations of the throat rake, the subsonic diffuser exit rake, and

the spillage drag rake are given in Table 6.12. The centerbody throat rakes

numbers i and 1-90 are made up of four pitot probes and three temperature

probes, and are attached to the centerbody at Station 27, 0 degrees and 90

degrees, respectively, from top center looking downstream. These probes are

spaced to obtain full throat profiles with the cowl in the Mach 8 design

position (XCL = 2h.66). The cowl throat rakes numbers 2 and 2-90 are made

up of four pitot probes and are attached to the cowl l.h4 inches downstream

of the centerbody throat rakes with the cowl lip at Station 24.66. This spacing

enables full throat profiles to be measured with the cowl in the Mach 6 design

position (XcL = 23.22). All throat rakes are detachable and were removed for

the Mach 6 subsonic mode tests and the Mach 3, 4, and 5 performance tests.
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The subsonic diffuser exit rakes numbers 3 and 3-90 are made up of 8 pitot

probes and 4 tempersture probes each_ and are attached to the cowl at

Station 39.66 (XcL = 24.66), again 0 degrees and 90 degrees, respectively,

from top center. These probes are not removable and are spaced to obtain

full diffuser exit profiles at all cowl positions. The spillage drag rake

is made up of eight pitot probes, and is attached to the cowl li_ at 5

degrees from top center looking downstream. The probes are aligned to the

centerbody with the cowl lip at Station 23.22, and are located on a line between

the centerbody and cowl lip normal to the centerbody surface. The spillage

drag rake is removable and was used only during the spillage drag tests at

Mach 3. A mass flow rake is located at Station 64.5 and is shown in Figure

6.21. This rake contains four sets of probes, 90 degrees apart, with each set

composed of eight pitot pressure probes and four temperature probes. Static

orifices and wall thermocouples are located on the inner and outer surfaces

adjacent to each set of probes, as shown in Figure 6.21.

(U) The three dynamic transducers at Stations 26.2 and 27 on the cowl, and

35.67 on the centerbody were manufactured by Electro Optical Systems, Inc.,

of Pomona_ California. These transducers are strain gage type, flush

mounted to the surface_ and have usable frequency responses up to 70,000

cps. The pressure range for these gages is 0 to 80 psi_ and the transduce_

output is approximately 0.8 my/psi.

(U) As noted in the list of instrumentation in Table 6.13, there are 0.042-

inch and O.083-inch-diameter total temperature probes. These probes were

used in rakes i and 3 and in the mass flow rskes. These probes are made

up of a sheath chromel-alumel thermocouple lead with a shroud over the thermo-

couple. Two vent holes adjacent to the thermocouple junction are provided,

and the outer surface of the probe is gold plated.
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X

•396559

.&65Z2

3.0000
_.09272

9.24581

10.729,5
I]. 58359

12.098112

12. 84000

13.38000

' 13.639792

13. £6ooo

14. ] 000
14.34000

15.0000
15.6o00

16. 2542_

16._355

19.6670

UNCLASSIFIED

TABLE 6. I

ONE-_IIRD SCALE MODE_ COORDINATES

Centerbod_
Y

0 •083333 or .0Z1666

.0820676]

.5289812_ Conical IO°
1.4269_9 j

I.64 5002

1.98414 _

2.227924
2.404902 ]
2.6828566_ Conical 20.54 °

2.884772 J
2.963_32

3.01200

3.O4_OO

7.0V_O0 _ 5°lq_./o _ Conical

3.2455 _ 6.6666 Radius
3.2708

3.270£ _ Straight Line

Nose

Radius

Internal Cowl

X

13.O680
13 •0_00

13. _900

13. 5240

13.6020
13.6RC0

13.7550
13._300
13.8960

i?.9500
14.O250

14. I000

14.400
15. 540

16.7366

19.2549

23.0316

_.ere X is referenced

Y is referenced

X,Y in inches

Y

3•009799 .O1 Nose Radius

3.0000

3•042725

3.0903328
3.10320

3.113700
3.12270

3.1311O

3.1380
3.]434

3.1506

3.1575 _ 5°
3.183746_ Conical

3.2_34848]

3.3999 ] _ Conical
3.5813 j Conical

3._460

to centerbody I0° cone v_rtex

to model center]ine
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TABLE 6 •2

O}_E-_!IRD SCALE _'ODEL IL'STRUME_ATION

Cent erTod Z Pr£ssure and Chromel

X

_.0

10.0

11.0

11.5

12.0

12.4

_2._43

13.0 L, 4.] ,

Alumel Thermocouple Locatic,ns

No. Angle*

1 0° Ton

2

2.] "

2.2 "

3

3.]

3.2

4.2,4.7

1.,..;4{-> L,.t_
_ _oc) 4.5

13.75 5

]1.34 6

i_.34 6.]

15.50 7

17.50 ,9
I_.67 I0

)I

. °ressure _nly

t_ ),.U )!_.U )_ U 0 .

(One therme.at O only)

0° ._h-essur_ Only

_o Presm_e Only60
tY

180 °
0 °
Y!

W

_resstlre Onl v

Co'_l (Internal) TressuTe and Chromel Alume I Thermocouple Locations

x No. Angle* XL

13.7.5 II 0° 13.05

]3.75 12 "

14. _4 13 "
I_. 5 14 "

19. 667 15 "

19.667 15.] 180 ° Pressure Only

Cowl 2xternal Presst_e Locations

x No. Angle

13. ]5 16 0°
19.25 17 "

13. 375 18 "

I3•50 19 "

13.675 20 "

13.75 21 "

13.94 22 "

XL

13.05
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6.2

Detachable spillage drag rake installed at cowl lip for XL
Probe outside diameter is 0.042 inches.

Distance from Angle From

Cowl Lip Top _

.060 1800

•135 180°

.210 180°

.285 1800

.360 180°

2. Detachable rake installed on centerbody at station 14.34.

diameter is 0.020 inches•

Distance from

Centerbody

.015

.030

.045

3. Rake installed on cowl at station 19.667 for XL
diameter is 0.020 inches.

.

= 12.2_0.3.

Probe outside

Angle Prom

Top •

0°, 180 °

0°, 180 °

0°, 180 °

= 13.068. Probe outaide

Distance from Angle from
Centerbody Top •

•040 0°, 180 °

.099 0°, 180 °

•158 0°, 1800

.217 0°, 180 °

.275 0°, 180 °

Mass flow exit rakes at station 28.38.

Distance from

Cowl
.110

.341

.588

.859

1.157

1.498
1.903

All dimensions and distances are in inches.

XL is distance from centerbody cone vertex to cowl lip.

X is distance from centerbody cone vertex.

%ridian angle clockwise from top m_cer looking downstreaz

Angle from Top *

45°, 135 °, 225 ° , 315 °
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_.9 z,O L.I 4.2 L.3 /.4 4.5

_OWL LIP POSITION, XCL/RCL
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TABLE 6.3

SU_IBY OF _NNEL AND COOLANT CONDITIONS

Mach

No.
Pt

0

PSI

Tt Re/Ft PCoolant TCoolant mcoolant

o OR°R x 10-6 PSi Ib/hr

Surface

8

6

4

454

222

222

214

214

113

113

71.25

71.25

34.30

34.30

71.25
71.25

34.3O

34.30

1300

1300

1300

1300

1038

1038
1228

1228

700

700

700

700

700

700

700

700

2.264 300 200 7500
2.264 300 200 12500
1.110 300 200 4860
i.II0 300 200 8110

3.036 300 200 5000

3.036 300 200 7500

1.470 300 200 3000
1.470 300 200 3000

4.628 300 200 5000
4.628 300 200 5000

2.232 300 200 3000

2.232 300 200 3000
4.628 i00 176 5000

4.628 I00 176 5000

2.232 i00 176 3000

2.232 I00 176 3000

Centerbody
Cowl

Centerbody
Cowl

Centerbody
Cowl

Centerbody
Cowl

Centerbody
Cowl

Centerbody
Cowl

Centerbody
Cowl

Centerbody
Cowl

81
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TABLE 6.4

TWO-T_KKDS SC_L_ MODEL COORDINATES

SHAVED INLET T CENTERBODY

X, in.

O. 39656

0.465L3

12.240

12. 8694

13.6284
IL.4605

15. 2198

15.90

17.2502

17. R4L05

18.60

19.2691
19.7697

20.24

21.84
22.72

25.14
25.38

25.531
25.630

25.752

25.932

26. 331
26. 734

26.934

27.00

27.134
27. _3Z

27.400

27. 500
27.700

27.900

28. I00

2_. 300
28.500

2.°.700

28.953

29. 613

30.280

30.947

31.50

3I.940

Y, In,

O

O.08207

2.15824

2.27414
2.42187

2.58998
2.74764

2.892
3.18803

3.32339

3.504

3.67851

3.81733

3.95058

&.44
4.76

5•73774
5.823

5.868
5.889
5.91/4
5.950
6.020
6.0768

6.0985

6.I05
6.118

6.137
6,1442

6.154

6.174

6.193
6.212

6.232

6.251
6.270

6.295

6.351

6.407
6.L58

6.496

6.524

St.

82

Line @ I0 Degrees

Line @ 15.8186 Degrees

Line @ 22 Degrees
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TABLE 6.4 (cont.)

TWO-THIRE6 SCALE _ODEL COORDINATES

SHAVED Ih7_ET T CENTERBODY

X, In.

32.60

33.00
33.50

34.00

3/:.50

34.933

35.5O
3: o_. 33

37.507

Y, In_

6.5L9

6. 562

6. 577

6. 588

6. 595

6.600

6.605

6.6058

6.6058
St. Line _ 0 Degrees

CEICYERBODY TIP DETAIl

Y

0

= (o.L654%

X = 0.39656 J

0.0820'7)

83



Xe In.

0.39656

0.46543

12.24
12.8694

13.6284
14.4605

15 •2198

15.9
17.2502

17.84405

18.6

19.2691
19.7697

20.24

21.84

22.72

25.]4
25.38
25.6<.63

25 •8466

26.0465

26.2463

26.4461
26.6468

27. O0

27.613

27.953

28.287

28.953
29.613

30.280

30.947

31.50

31.940
32.60

33.00
33.50

34.00

34.50

34.93?

35.20
35,933
37.507

TABLE 6.5

TWO-THIRYB SCALE MODEL COORDINATES

STANDARD INLET T CENTERBODY

Centerbody

Y. Ine _ -

0 ._

O. 08207 "_ _-_ ':;
2.15824 J
2. 27414 _:, _,
2.42187 : ": _,"-"
2.58998 ', q -:__,
2.74764 .....
2.892 : -,
3.18_D3 ,
3.32339
3.504 -,
3.67853

3._1733 _,
3.95058 J _- :"
4.44
4.76

5.73774

5.823
5.9035

5.9445

5.9832
6.0193

6.052
6.08046
6.12

6.178

6.209

6.238
6.295

6.351

6.407 -- -
6.458
6._96 _ ,::
6.524 ,:, ._,..,
6.549 _ ,,_,c :_:,
6. 562 _ ....::
6. 577 :
6. 588
6. 595 :" .... ":
6.600 ,-, -,
6.605 ," _ '-
6.60,_8 ,,
6.6058 }

"_ _.i-

szo_

St. Line 6 I0 Degrees

St. Line 6 15.8186 Degrees

St. Line @ 22 Degrees

Throat

St. Line @ 0 Degrees

:?

% -



TABLE 6.5 (con +.)

T_D-_IR_. S SgALE MODEL C00RDI_$ATES

STANDARD INLET T CENTERBODY

CEh_fERBODY TIP DETAIL.

Y

(x,Y) = (o.465zJ, o.0s2o7)

inch T

/ k .............

o _ x
x = 0._9656

85



Xep In.

24.660

24.6950

24.73O66

24.7649
24.82686

24.8499

24.8719

25.0639

25 •1639

25.2639

25.4639

25. 5639

25.680

25.914
26.400

33.360

34.00

34.50

34.933

35.50
35.933

36.50

37.00
37.50

38.OO

38.70

39.66

TABLE 6.6

TWO-THIRIB_ SCALF_.MODEL CqORD_NATES

5.9757 CO_L (KACH 8 POSITION, XCL _

-7

YQ, In. < Slope
I

5.9757 " _ 16.4 Degrees
5.985_ _ ::

5.99608 "_- ,-: 2
6.0055 _

6.0224 -___}. _, . 2.
6.0284 : T_--_:_2_
6.O34 -_- -,
6.0755 _ ._ ..
6.096

6.115 _-

6.1515 _;"• "_
6.16715 2 _ o 2
6.185 -::' ....
6.2148 %'; "L, " * "

6.2654 _,6.9534
7.O167 .....-_'--....

7.066 _:'--_ _:;_
7.108 _ :_,_..-.'-.

7.157 .... : "L :'
7.191 _2 _ ,
7.230 ; , ; _"
7.256 .... ,
7.2"74 _,
7.285 '
7.294 n " ''_
7.294 _ ;_ _. •

St. Line @ 5.645 Degrees

St. Line @ 0 Degrees

COWL LIp DETAIL

_e = 0.02 inch

_2,= 5.9757)
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TABLE 6.9

TW0_ SCALE MODEL COORDINATES

6.060 COWL (Math 8 ?oeltlen, XCL = 2_,837)

Xc,ln. Yc,ln. Slope

24.837

24.932

25.o32
25.08
25.08
25.133

25.238
25.238

25.332

25.432

25.532

25.632

25.782

25214
26.4oo
33.360

34.00

3_.5o
34.933

35.50
35.933

36.50

37.00
37.50

38.00

38.70

39.66

6.060 I0 Degrees

6.075
6.092

6.10

6.10 "[-- St. LineIDouble r
6.1046 3- -_ __ St. Line396.1216
6.m5 _
6.140

6.15_
6.168

6.1808

6.199

6.2148

6.2654___St.6.9534
7 .o167

7.066

7.108

7.157

7.191

7.230

7.256

7.274

7.285

7.294___7.294

6.561 De[_ees

Line @ 5.645I)egrees

St. Line @ 0 Degrees

.c_o)

! RC = 0.02 inch
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c?

cL2
cL3

6

#

T.025-8

B
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TABLE 6,10

_"_%,TiUPa)SSCALE MODEL

CONFIGURATION SYmbOLS

Cowl Lip -

Cowl Tip.

Cowl Lip -

_i Lip -

Cowl Lip -

Cowl Lip -

ITEM
i

ShavedCenterbe_ (O.O15inch)

Unshared Centerbody

5.976 inch radius

5.985 inch radius

6.000 inch radius

6.000 inch radius_ _rith doubler

b.OOO inch radius, Blunted (O.Oh inch lip radius)

5.985 inch radius, Sharp

Alternate Cowl No. I - 6.060 inch radius

Alternate Cowl No. 2 - 6.075 inch radius

No Boundary Layer Trip (Clean)

Spherical Boundary Layer Trip

Wire Boundary Layer Trip

0.025 inch spheres at station 8 spaced 6 diameters center-
to-center

No. 60 grit at station 4.66 spaced 6 diameters center-to-center

Boundary Layer Bleed Plenum

Centerbody Pitot/Temperature Rake-Station 27, O degree pl_e,

Probes 501 through 506

Centerbody Pitot/Temperature Rake-Station 27, 90 degree plane,

Probes 507 through 512

Cowl Pitot Rake-Station 28.44 (when XCL - 2h.66), 0 degree

plane, Probes 521 through 52_

9O

(THIS PAGE IS UNCLASSIFIED)

x

_ I

r

i.



UNCLASSIFIED

TABLE 6.10(cont.)

T_D-THIRDS SCALE MODEL

CONFIGURATION SYMBOLS

R5

_.P,

IT_H

Cowl Pitot Rake-Station 28.44 (when XCL - 24.66), 90 degree

plane, Probes 527 through 521

Diffuser Exit Pitot/Temperature Rakes-Station 39.66, O and 90

degree planes, Probes 532 through 547, always installed.

Cowl Spillage Drag Pitot Rake-Cowl Lip Station,

5 degree plane, Probes 513 through 520

Cowl Pitot Probe-Station 28.44 (when XC_ = 24.66),

0 degree plane, Probe 526

Helit_ Plenum

91
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Configuration

_tumber

1

TABLE 6.11

INLET CONTOUR STUDY

i_O-TE_RDS SCALE Ih%ET MODEL

(MAC_4 GEO_ZT_)

Inlet

Shaved
Contour

YCL = 5.985

cR (cR_/=o) cR
IMin

M -4 M =6
O O

CR

Mo=8

Internal

Initial Cowl

Angle .

1.137 5.63 7.91 12.68 13.25 °

2 Shave d

Contour

YCL = 6.000

1.137 5.865 8.075 12.995 12 °

3 Present

Contour

YCL = 6.00

1.191 6.175 8.415 13.925 12°

4 Present

Contour

YCL = 5.985

1.20 5..91 8.25 13.575 13.25 °

Present

Contour
Y = 5.976

CL

1.161 5.735 8.14 13.425 16.4°

@

.

Shaved

Contour

_ = 5.976

Present

Contour

1.132 5.465 7.81 12.55 16.4 °

1.280 6.27 8.52 13.92 I00

i03
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TYPE

Pressure tan &

thermocouple
tl

t!

I1

t!

11

tt

T!

11

Pressure tap &
thermoc ouple

Pressure tap

T,bermocouple

H_at transfier gage
Throat ra_e

=ressure tap &

thermocouple

Hel_um plenum
p_esm:re tap
Presto're tan

Heat transfer zage

Pressure tap &
thermocouple

11

7!

High frequency
transducer

_:_es s_re tan

Pressure Tap

Thermocouple

Pressure tap
Thermocouple

Pressure tap
tt

t!

11

Thermoc ouple

Hi_:h frequ_ ncy

TABLE 6.12

TW0-THIEDS SCALE MODEL DESIGN INSTRUMENTATION

SURFACE STATT6N X. IN. ANGLE**

Centerbody 12.00 0°

" 12 .O0 90 °
" 12. O0 180 °

" 12.O0 270 °
0°

" 16. O0 On" 20.00
0°

" 23 •on 900" 23.00
" 23.O0 180 °

" 23.00 270°

" 24.65 0°

" 25.50 0°
" 26.20 00

" 27.00 00

" 27.00 90 °

" 27. O0 850

" 27.00
" 27.00 0 ,90°

" 28. on 0°

" 28.50 0°

0°
" 29. 667 on" 29. 667

32.00 0°

" 35 •O0 0°

" 38.64 0°

" 38.67 175 °

" 38.67 185 °

Internal Cowl* 25.20 0°

" 25.20 3;5 °" 25.936

" 25.936 355 °

" 25.936 90°

t, 25.936 180°

" 25 •936 2_0
U

" 26.20 0

" 26.20 35_O
" 26.20 170 "_

NUMBER

1

I.I

1.2

1.3

2

3

4

4.1

4.2

4.3
5
6

7

8

8-90

8.1-90

HTG-I

i,1-90

9
i00

I0
HTG-2

ii

12

13
HFT-3

HFTP-3

14

14

15

15

15.1

15.2

15.3
16

16
HFT-I

. ,

,'.

_r
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TABLE 6.,12 (cont.)

T_D-TNIRDS SCALE MODEL DESIGN INSTRUMENTATION

TYPE SUF2ACE STATICN X IN. N_**

Pressure tap Internal Cowl* 26.20 _O °
Oressure tap t, 27.00
Heat Transfer gage " 27.00 355_

High frequency " 27.00 1709

tranzducer

Pressure tap " 27.00 _0 °
Pressure ta_ " 28.00
Thermocouple " 28.00 3_5°

Pressure Tap ': 28.&4 O_
Thermocou_le 2_.44 35_°

Pressure tap " 28.44 90_

Thermocouple " 28.4/ _0

Tbmoat P_ke " 28.4f_ 009 900
Pressure tap " 33.43

Thermocouple " 33.43 _5 °
Pressure tap " 36.43

 e,- ocou l " 36. 3 °
Pressure tap " 39.66
Thermocouple " 39.66 35_ O

Pressure tap " 39.66 901
Thermocouple " 39.66 82 u
Diffuser exit ra_e " 39.66 0 , 95°

Pressure tan External Cowl* 24.85 1800
,, . 25.05 1800

,, ,, 25.35 180°

,, " 25.55 1800

, , 25.90 1800

,, ,, 26.05 180o

, ,, 26.63 1800

HFTP-I

17

HTG-3

HTF-2

HFTP-2

18

18
18.]

18.]

18.9-90

18.9-90

2,2-90
19

19
2O

2O

21

21

21-90

21-90

3, 3-90

22

23
24
25
26
27
28

Mass flow rakes at station 64.5; an_les 0°, 90°, 1800 , 2700

Spillage drag rake at cowl lip

* Cowl LiD in Macb B oosition (XcL = 24.66 inches)

** Meridian angle cloc_ise from _op center looking downstream
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Rake

No. Surface

I Center-

body*

TABLE 6.13

TWO-THIRDS SCALE MODEL RAKES

Di stance Probe

Normal to Diameter Angle

Wall, Inches Inches

Pitot .0286

.0572

.0858

.1144

I Center- Temp.** .05

body. .lO
.15

2 Cowl*

3 Cowl

3 Cowl

4 Cowl*

Spillage

Drag

Pitot •0286

.0572

.0585

.1144

Pitot .062

•124
•186

.248

.310

.372

.434

.496

Temp.** .140
•310

.320

.460

Pitot

Station

_rees No. Inches Plane.

.020 5.6

.042 5.6

.020 5.6

•040 0

.083 0

8.1

8.2

8.3

8.4

8.7

8.8

8.9

18.2

18.3

i_.4

18.5

21.1

21.2

21.3

21.4

21.5
21.6

21.7

21.8

21.9

21.10

21.11

21.12

27.00 0°

27.00 0°

28.44 0°

39.66 0°

39.66 0°

Distance

Normal to

Cowl, !nch_ S
•108

.216

.324

.432

54O

.648

.756
•864

5 Cowl* Pitot .070

.040 22 4.4

4.5
4.6

4.7

4.8

4.9

4.10

4.11

Cowl 5°

Mp

.020 5.6 18.7 28.44 0°

1o6
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Rake

No.

1-90

1-90

Surface

Center- Pito_

body*

Center- Temp.**

body*

2-90 Cowl* Pitot

3-90 Cowl Pitot

3-90 Cowl Temp.**

UNCLASSIFIED

TABLE _.13 ¢cont.)

TWD-T}IIHDSSCALE MODEL RAKES

Distance Probe

Normal to Diameter Angle

Wall. Inches Inches Degrees

.0266 .020 5.6 8.1-90

•0572 8.2-90

.0858 8.3-90

•1144 8.4-9O

•05 .040 5.6 8.7-90

.I0 8.8-90
•15 8.9-90

.0286 .020 5.6 18.2-90

.0572 18.3-90

.0858 18.4-90

•1144 18.5-90

.062 .040 0 21.1-90

.124 21.2-90

.186 21.3-90

.248 21.4-90

.310 21.5-90

•372 21.6-90
•434 21.7-90

•496 21.8-90

Station

Inches

27.00

27.00

28.44

39.66

.140 .040 0 21.9-90 39.66

.310 21.10-90

•320 21.11-90 .
.460 21.12-90

90 °

90 °

95°

95 °

Cowl in Mach 8 position (XcL = 24.66")
Removable Rake

This rake offset 0.5" from oitot ra_e

Meridian angle clockwise from top center looking do_mstream
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7.0 (U) EXPERIMENTAL EFFORT

7.1 (U) WIND TUNNEL FACILITIES

(U) The wind tunnel test facilities used in this program are described in
this section.

7.1.i (U) Langley Unitary Tunnel

(U) The one-third-scale model inlet No. i, designed and fabricated during

Phase I, and the one-third-scale model 1020 inlet, designed and fabricated

in Phase IIA, were tested in the Langiey_nitary 4 by % foot Mach 2.3-&.6

tunnel during Phase IIA. This wind tunnel is closed circuit and has a two-

dimensional variable nozzle. The test section is 4 by h foot square. The

models were tested at Mach numbers o_ h.O to h.63 9orresponding to maximum

Reynolds number per foot of 5.4 x !O° and h.6 x i0°, respectively.

7.1.2 (U) Ordnance Aerophysics Laboratory

(U) The one-third-scale model inlet 1020 was tested in the Ordnance Aero-

physics Laboratory (OAL) at Daingerfield, Texas in cell No. 6 with the 25-

inch-diameter Mach &.l nozzle installed. This tunnel is a blow do}_ type

with an a_isymmetric nozzle. The freestream Reynolds number per foot was
h.34 x I0 , and the tunnel total temperature was set at approximately

1660°R. The tunnel operating time was between 3 to 5 minutes. This facility

is described in more detail in Reference 13.

7.1.3 (U) AEDC Supersonic.Tunnel A

(U) The two-thirds-scale model inlet T was tested in the AEDC Supersonic

40 by 40 inch Tunnel A. This tunnel is closed circuit and has a two-

dimensional variable nozzle. The test section is 40 x 40 inches square.

The model was tested at Much numbers of 3.0, _.O-h.5, 5, and 6 at Reynolds

numbers per foot from 1.36 x i0° to h.9 x 106 . The tunnel total temperature

varied from 560°R to 700°R. This facility is described in more detail in
Reference 14.

7.i.h (U) AEDC Hypersonic Tunnel B

(U) The one-third-scale inlet model 1020 and the two-thirds-scale inlet

model were tested in the AEDC 50-inch-diameter Mach 6 and 8 Tunnel B. This

tunnel is also closed circuit with axisymmetric contoured nozzles having

Much 6 and Much 8 replaceable throats for stagnation temperatures sufficient

lo9
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to prevent liquefaction in the test section, obtained by use of a natural

gas fired combustion heater in combination with the compressor heat of

compression. The test Reynolds number per foot varied from i.i x 106 to

2.0 x i0°. This facility is also described in more detail in Reference 12.

7.1.5 (U) Nitrogen Cooling and Helium Injection Systems at AEDC

(U) The two-thirds-scale inlet model was cooled by flowing gaseous nitrogen

through internal passages in the model. The cooling system to supply the

model with gaseous nitrogen is shown schematically in Figure 7.1. The system

uses a supply tank of liquid nitrogen (LN2). The liquid nitrogen passes

through a two-inch-diameter insulated line to a variable speed pump which

pressurizes the nitrogen up to 300 psi. The nitrogen then passes through a

vaporizer, as shown in Figure 7.1, where the liquid nitrogen is converted

to a gas. The gaseous nitrogen is then fed to the model centerbody and

cowl through the lines as shown. The portion of the coolant mass flow to

the centerbody and cowl may be varied by valves. The system was designed

to supply gaseous nitrogen to the model at a flow rate of 6,000 ib/hr to

20,000 ib/hr at a pressure.from i00 psi to 300 psi and a temperature from

176°R to 350°R.

(U) The helium supply system for the helium injection tests on the two-thirds

scale inlet model is shown schematically in Figure 7.2. The system incorpo-

rates a large supply tank of high pressure helium. The helium passes through

a supply line containing two control valves and a calibrated orifice plate

to measure the helium mass flow. The helium then passes through a one inch

diameter line to the model plenum. The nominal helium injection flow rate

was 0.25 ib/sec at a pressure of 20.8 psi and a temperature of 520°R.

7.2 TESTS

7.2.1 (U) 0ne-Third Scale Model

(U) A summary of the one-third-scale inlet model 1020 tests in the Langley

Unitary 2 by 2 foot tunnel, the OAL Facility, and the AEDC tunnel B at Mach

numbers h.O, 2.1, 2.6, 6, and 8, is.glven in Table 7.1. This table shows

the test facility, test dates, test objective, and wind tunnel conditions for

each entry. These wind tunnel test entries are described briefly below and

in detail in References 7 and 8. The wind tunnel test Reynolds numbers per

foot for the one-third scale inlet model are shown in Figure 7.3 and compared

with scaled flight Reynolds numbers per foot. It is seen that the wind

tunnel test Reynolds numbers are representative of flight test Reynolds

numbers.

7.2.1.1 (U) Langley Unitary Tests

(U) The one-third-scale inlet was tested in the Langley Unitary _ by _ foot
tunnel at Mach numbers 4 and h.6. The tests were run with adiabatic wall

conditions, both with and without a grit-type boundary layer trip device

installed five inches aft of the spike tip. During each test the centerbody
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_¢as translated from cowl close-off to 1.5 inches from close-off and returned.

Test conditi9ns run were Much 4 and Reynolds numbers per foot of 3.5 x 106

and 5.5 > !0°, and Mach 4.63 and Reynolds numbers per foot of h.7 x 106 and
_.7 x i0°. Experimenta_ pressure data presented in Reference 7 show that

the inlet did not start at any of the tunnel conditions run. Static pressure

distributions along the centerbody indicate that a separated flow region

existed just upstream of the cowl lip for all runs. Following this region
the static pressure increased to the throat then decreased downstream of the

throat. The data indicates the flow was choked near th_ [h:'cat, expanded

supersonically downstream of the throat, and passed through a normal shock in

the subsonic diffuser. Shadowgraphs observed during the runs showed the

existence of the separated flow region Just upstream of the cowl caused by

the interaction between the boundary layer and the strong cowl shock.

7.2.1.2 (U) Ordnance Aerophysics Laboratory Tests

(U) The one-third-scale model _as tested in the Ordnance Aerophysics

Laboratory (OAL) in Daingerfield, Texas. This facility has the capability

of simulating full-scale Reynolds number and wall-to-total-temperature ratio.

Since the tunnel is a blow-down type, the model could be precooled to the

desired wall temperature prior to each run. The centerbody contained no

boundary layer trips for this entry.

(U) The tests were made in the OAL cell number 6 with a 25-inch Much h.!

free-Jet nozzle installed. The objective of this entry was to determine if

the inlet would start at Much 4.1 with (i) wall cooling, or (2) high Reynolds
nurr_ers. Tests were made for both a cold wall and an adiabatic wall. In the

cold-$Taii tests, the procedure was to precoo! the model to a temperature of

300°R and to set the tunnel stagnation temperature to 1660°R. The center-

body was placed at the close-off position, and the tunnel was started. The

centerbody _¢as then translated aft until the inlet started. Following obser-

vation of the start conditions, the centerbody was translated aft until the

inlet unstarted. The centerbody was then translated forward to determine if

the inlet would restart. The run was terminated when the total temperature

fell below I060°R or the air supply was exhausted. A decay in tunnel total

temperature occurred during each run because the heater was a storage type.

A constant value of freestream Reynolds number per foot was maintained by

reducing the tunnel total pressure at an appropriate rate. The method used

during the run to determine when the inlet was started was to observe the

shock wave structure in the tunnel shadowgraph. Inlet unstart was evident

by the existence of a strong shock and an accompanying shock wave-boundary

layer interaction region upstream of the cowl lip. Conversely, the absence
of the interaction region was evidence that the inlet was started.

(U) The model was precooled prior to each run with liquid nitrogen. This

_¢as accomplished by placing a polyurethane insulator Jacket around the model.

Liquid nitrogen_ stored in an 18OO-galion capacity trailer, was transferred

through a one-inch flexible line to the insulated jacket. The supply pressure

at the trailer was 60 psi. The coolant injected into the insulator consisted

of a mixture of liquid and gaseous nitrogen with a liquid temperature of

Iii
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160°R and a gaseous temperature of 280°R. Approximately two hours were

required to cool the model to 210°R using this cooling system. The nitrogen

transfer line was disengaged from the polyurethane insulator just prior to

start of tunnel blow-down. The initial surge of air from the free jet nozzle

blew the insulator clear of the model.

(U) The majority of the experimental data taken during this entry is given

in Reference 7. The data in this reference are presented in terms of time

histories of centerbody position, tunnel total pressure and total temperature.

Inlet performance is shown in terms of the average cowl and centerbody

temperatures, average pressure recoveries at the subsonic diffuser exit, and

centerbody static pressure distributions. The pertinent results of this test

are discussed below.

(U) Runs were made at Mach h.!, Reynolds number per foot of h.3h x 106 , and

with wall to total temperature ratios from 0.20 to 0.50. The inlet started

in all cases with the cowl lip approximately 0.2 to 0.4 inches from close-

off, and unstarted at approximately 0.8 to 0.9 inches from close-off. Un-

starts were observed at centerbody wall to total temperature ratios of O.7.

A run was made to determine the effect of Reynolds number on the starting

characteristics of the inlet with an adiabatic wall. The freestream Reynolds
number was varied from 10.5 x 106 to 27 x iOo, but the inlet did not start.

(U) Results of this test demonstrated the importance of the wall-to-total-

temperature ratio in controlling the shock-boundary layer interaction regign

near the cowl lip. T_e elimination of the separated flow region by wall cool-

ing permits inlet starting. The tests have also shown that Reynolds number

has a relatively small effect on the shock-boundary layer interaction region,

since the inlet could not be started by increasing the Reynolds number.

(U) A second entry was made with the one-third-scale model at OAL. The _ire

boundary layer trips at station 1.8 inches were installed for this second

entry. The objectives of this second entry were: (i) to determine the

effects of wall temperature ratio on the inlet operation contraction ratio

limit, and (2) to obtain inlet starting and performance data. The test setup

was similar to the first entry except that an injection system was used to inject

the model into the nozzle flow field after tunnel start. To accomplish the

first objective the test procedure called for injecting the model, starting

the inlet, and determining the wall to freestream total temperature ratio at

inlet unstart for various centerbody positions_X from 0.6 to 1.2 inches

from close-off. The inlet was cooled, injected into the tunnel with the

centerbody_X set at 0.6 inches, and precooied to a wall to total temperature

ratio of 0.i, and the inlet started. Following inlet start, the model was

left in the tunnel flow field until the centerbody and cowl wall to free-

stream total temperature ratios reached 0.72 and 0.93, respectively, where

the inlet unstarted. The inlet could not be started at a _X greater than

0.6 inches.
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(U) An attempt was made to translate the centerbody, after inlet start, to

the _ach h operating position of _X equal to 2.0. The inlet always unstarted,

ho_ever, before the centerbody reached the peak contraction mass flow ratio

product position_X of 1.2 inches.

7.2.1.3 (U) AEDC Tunnei B Tests

(U) The one-third-scale inlet model was also tested in the AEDC Tunnel B.

A photograph of the model installed in the tunnel chamber is shown in Figure

7.h. Tests were conducted a_ _'lach8 and b[ach 6, at angles of attack of -6

degrees, -3 degrees, 0 degrees, +3 degrees, and +6de_rees. At Much 8 runs
_ere made with Reynolds numbers per foot of 2.1 x i0o and 3.5 x 106 . At

Much 6 runs were made with Reynolds numbers per foot of 2.1_ x 106. The

objectives of these tests were to determine the most effective eenterbody

spike boundary layer trip configuration and to obtain inlet starting and

operating performance data with the selected trip installed.

(U) Cold wall runs called for precooling the model in the tunnel tank to

160°R by spraying liquid nitrogen over it. The model was then injected into

the tunnel test section, and the centerbody and mass flow plug were translated

as required. By use of the liquid nitrogen spray, the model wall temperature

could be reduced to i60°R in approximately four minutes. For the hot wall

data, the model was injected into the test section and allowed to reach an

equilibrium temperature. At Much 8 approximately 30 minutes were required to

reach a wall temperature of IIO0°R. For demonstration of inlet starting, the

model was injected with the plug closed and with the centerbody set in the

desired position. After the model reached the tunnel centerline, the plug

was immediately translated aft toward its full open position. For other than

inlet start demonstrations, the model was injecied _th the plug open. For

angle of attack runs, the model was injected at zero degree angle of attack to

insure inlet starting, then pitched to the desired angle.

(U) Boundary layer trip studies were made at 5_ch 7.97, at 0 and 6 degrees

angles of attack. Three configurations were tested; namely, without trips

(i.e. clean), with vortex generators, and with wire trips. The trips were

located on the centerbody spike, 1.8 inches from the cone vertex. The

vortex generator configuration consisted of 16 evenly spaced vanes with 0.040-

inch heights, 0.285-inch lengths, and pitched 18 degrees from the axial flow

direction. The installation can be seen in the inlet photograph of Figure 7.h.

The wire trips consisted of 32 evenly spaced wires with 0.020-inch diameters

and O.O20-inch heights protruding normal to the surface. Test results in the

form of throat total pressure profiles are presented in Reference 8. At zero-

degree angle of attack, all three configurations gave approximately the same

overall_ throat pressure recovery. As expected, at an angle of attack of

six degrees, the recoveries obtained were i_¢er. Ho_¢ever, at this higher

angle of attack the vortex generator configuration gave a somewhat lower

recovery than the clean and wire trip configurations. The latter two configu-

rations produced levels of overall recovery comparable to each other. Based

on these tests results, the _ire trips were selected for installation to
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ensure transition of the boundary layer upstream of the compression surface

and repeatability in the data at lower Reynolds numbers and angles of attack.

(U) At Mach 6 and a Reynolds number per foot of 2.1h x lO 6, inlet unstart

was experienced at a_X = 1.30 inches to 1.35 inches. AX is the centerbody

position relative to close-off. This applied to both cold wall and hot wall

tests. Inlet unstart was believed to be caused by separation of the boundary

layer upstream of the throat. Changes in angle of attack from -6 degrees to

+6 degrees produced no noticeable change in unstart _X location. It was not

possible to maintain the desired cold wall temperature for the entire length

of any run. The model was injected into the tunnel test section with the

centerbody positioned at a _X of 0.65 inches, and the centerbody was then

translated toward a flnal_X of 2.0 inches. Due to the slow rate of center-

body translation, 0.312 inch per minute, the model heated up before_the

translation was completed. At the low Reynolds number of 2.14 x lO6 the inlet

unstarted at a_X of 1.35 inches. An increase of Reynolds number to 5.15 x 106

resulted in the inlet remaining started for centerbody locations of from

&X = 0.96 inches to 2.0 inches. It is interesting to note that although the

inlet remain started, the throat region static pressure reached a peak value

when_X approached 1.3 inches, decreasing as_X was increased further. This

indicated the existence of a critical centerbody position at a_X of about

1.3 inches in terms of possible inlet unstarts.

(U) The scaled X-15 mounting pylon was installed, and the inlet was tested

at Mach 6 and a Reynolds number per foot of 5.i5 x 106 , and at _ch 8 and a

Reynolds number per foot of 3.5 x 106 . The pylon was installed along the

external cowl surface with its leading edge positioned O.hO inches aft of

the cowl lip, simulating a mount by which the engine would be attached to the

X-!5 flight test vehicle. The results of testing at various angles of attack

are presented in Reference 8, showing static pressure distribution along the

centerbody and cowl, and internal total pressure profiles. The presence of

the pylon created a severe interference problem in the internal inlet flow

under all test conditions.

7.2.2 (U) Two-Thirds Scale Model

7.2.2.1 (U) Inlet Development and Performance Tests

(U) A summary of the two-thlrds-scale inlet model tests in the AEDC Tunnels

A and B at Mach numbers 3, _-h.5, 5, 6, and 8, is given in Table 7.2. This

table shows the test facility, dates, objective, and tunnel conditions for

each entry. The inlet development tests in AEDC Tunnel A leading up to the

final inlet configuration are described in detail in References 9 and I0 and

are also discussed below. The two-thirds-scale inlet model is sho_m installed

in the AEDC Tunnel A in Figure 7.5. The _nd tunnel test Reynolds numbers per

foot for the two-thirds-scale inlet model are given in Figure 7.6 and compared

with the flight Reynolds numbers per foot. It is seen that the wind tunnel

test Reynolds nu_2oers simulate flight Reynolds numbers except at Mach h _zhere

the maximum test Re_o!ds number is slightly lower than the maximum flight

Reynolds number. The inlet development test consisted of testing the shaved

and standard centerbodies, the 5.976-inch, 5.985-inch, and 6-inch co_'is,
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and several boundary layer trip configurations. The cowl and centerbody

doublers were also tested in the development tests. The inlet model was

always cooled to a wall temperature of approximately 400°R which corresponded

to a frost-free wall or a thin layer of frost on the centerbody cone. The

shaved centerbody (CB l) was installed for the first series of tests wit_ the

sphere trips (T s) at station 4.6 inches. With the 5.976-inch cowl (CL l)

installed, the inlet started at Mach 5, did not start at Mach h.5, and un-

started at Mach h._ with the cowl in the operating position. With the 5.985-

_ 5,inch cowl (CL 2) installed, the inlet started at _ach did not start at _ach

_.5, and unstarted at Mach h.25 with the cowl in the operating position. With

the 6-inch cowl installed, the inlet also started at _ach 5, did not start at

Mach h.5, and unstarted at Mach h.l again with the cowl in the operating

position, it was concluded from these test results that the 6-inch cowl was

the most fa_6_able--6T_-th_@_t-h-ree -c_owi_ t_e_dii-n _tha{-_h e !n-le_ operated at a
lower Mach number-_cith -the__'inch cowl installed and started at the same Mach

number as with the other two cowls. The 6-inch cowl was therefore selected

for further testing. An attempt was made to start the inlet at _ch _ _._ith

spheres (TS), vortex generators (Tvg), and clean (T c) boundary layer trip

configurations, and the inlet did not start. From detail diagnostic studies

reported in Reference 9, it was concluded that the shaved centerbody imposed

a more adverse pressure gradient on the cowl and centerbody boundary layers

than the standard centerbody. This is a result of the shaved centerbody

contour turning more rapidly than the standard centerbody just upstream of

the throat. It was therefore decided to test the standard centerbody (CB2)

with the 6-inch cowl (CL3). This configuration was tested with a clean

boundary layer trip configuration, and the inlet did operate at Mach h. The

inlet also started at Mach h.3 but did not consistently start at Mach h.

(U) A sharp 5.985-inch cowl (CL 2-S) was tested with the standard centerbody

and clean trip configuration, and the inlet did start and operate at _J_ch _.

(U) The 6-inch cowl used in the above tests had a cowl lip bluntness radius

of 0.015 inch, whereas the design bluntness radius is 0.020 inch. A new 6-

inch co_! leading edge was therefore fabricated which had a 0.020-inch lip

bluntness radius. The centerbody was polished to a surface finish of 5

microinches and coated with zinc stearate. The coating of zinc stearate was

to alleviate frost formation on the centerbody. The new 6-inch cowl (CL3) and

the standard centerbody (CB 2) with no trips were tested, and the inlet con-

sistently started and operated at Mach h. A boundary-layer trip ring contain-

ing O.O!5-inch spheres spaced six diameters apart was installed on the center-

body at Station 12 inches, and the inlet started at Mach _.5 but did not start

at Mach h. Then O.Ol5-inch spheres were spot welded directly to the center-

body surface at Station 20. The spheres were also six diameters apart

(center to center). This trip configuration was tested, and the inlet started
at Mach h.3 but did not start at Mach h.

(U) The boundary layer trips were removed, and the 6-inch cowl with the cowl

doubler (CL3-D) was installed. The inlet.started and operated at Mach _.

The three centerbody doublers were installed, and the inlet did not start at

ll5
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Mach numbers h.5 or 5. The first two centerbody doublers (Station 0.533 inch

and _.5 inches) were removed, leaving the centerbody doubler at Station 23 and

the cowl doubler. The inlet did not start with this configuration at Mach h.5.

(U) To determine how critical the concentricity between the cowl and center-

body was, the gap height between the cowl lip and the centerbody was purposely

set such that the deviation in this gap was O.016 inch. This deviation in gap

height corresponds to h.5 percent of the mean gap height between the cowl lip

and centerbody with the cowl in the starting position, XCL=2h.9. All

boundary-layer trips and centerbody doublers were removed. The inlet started

and operated at Mach h with this misalignment of the cowl.

(U) It was found in the test program that in order to consistently start the

inlet at Mach h, the centerbody had to be polished with crocus cloth to a

surface finish of less than 25 microinches and be almost frost free.

(U) Based upon the above test results, the standard centerbody (CB2), the

6-inch cowl with the doubler (CL 3-D) with no boundary layer trips were

selected for the performance testing. The performance tests consisted of

testing this inlet configuration at Mach numbers h, 5, and 6 _th the throat

rakes removed at two Reynolds numb@rs per foot at each Mach number and various

angles of attack, cowl positions, and mass fl_ cowl settings, and at Mach

numbers 6 and 8 with the throat rakes installed, also at t_zo Reynolds numbers

at each Mach number and various angles of attack and cowl positions. The

tunnel conditions, model conditions, pressure recoveries, and mass fl_ ratios

are summarized in Table 7.3 for the performance tests and are discussedbelo_z.

The average Machnumbers at the diffuser exit station for the subsonic mode

tests are also given in Table 7.3.

(U_ The inlet was tested at Mach h, at Reynolds numbers per foot of 2.1 x

iO"6 and h.9 x 106 , at angles of attack of O and ±3 degrees, with the cowl at

the operating position of 23.22. The inlet would not remain started at 5

degrees angle of attack at Mach h. The inlet was also tested at the above

conditions at O-degree angle of attack with the cowl at the peak mass flow

contraction position of 23.96 and near the starting position of 2_.9. The

mass flow skirt was set for these tests so that the normal shock in the

diffuser was downstream of the subsonic diffuser exit and just upstream of

the diffuser exit for both low and high Reynolds numbers and near the throat

for low Reynolds numbers. The inle_ was tested at Mach 5 at Reynolds numbers
per foot of 1.68 x 106 and _.8 x !0_ at angles of attack of O, i3, +5, and

-4.8 degrees with the cowl at the operating position of 23.22, the peak mass

flow contraction position of 2h.225, and near the starting position of 2h.9.

The mass flow skirt was also set so that the normal shock was downstream of

the subsonic diffuser exit, just upstream of the diffuser exit, and near the

throat for low Reynolds numbers. The inlet was unstarted for inlet control

data, and tests were made at Mach h and Mach 5 at low Reynolds numbers with

the cow! set in the operating position, the peak position, and the starting

position. Transient data were taken at Mach numbers 4 and 5, at low Reynolds

numbers, at angles of attack of O, +5, and -h.8 degrees, with the cowl set
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at the operating and peak mass flow positions. These transient data were

taken by recording the dynamic transducer signals on magnetic tape during the

time period from inlet start to inlet unstart. The inlet was unstarted by

moving the mass flow skirt. Inlet spillage drag was measured at Y.ach 3, at
a Reynolds number per foot of 2.7 x 106 and angles of attack of 0 and -+3

degrees, with the co,;l in the operating position of 23.92_ Tests were _on-
ducted at _[ach 6 at Reynolds numbers per foot of i.h x i0_ and _ .0 x i0 U, at

angles of attack of 0 and +-3 degrees, _ith the cowl at the shock on cowl lip

positions. Tests were also conducted at a Reynolds number per foot of h.O x

iOb, at angles of attack of -+4.=_,degrees. _he_ inlet _,;asthen tested at the

above conditions at O-degree angle of attack with the cowl lip upstream and

do_,.rnstream of the shock on cowl lip position, as sho_m in Table 7.3. The

mass flow skirt was set so that the normal shock in the diffuser -,Tasdown-

stream and upstream of the subsonic diffuser exit station. The shock-on-lip

cowl position at Mach 6 at the high Reynolds number per foot of _.0 x 106 was

23.31, and at the low Reynolds number per foot of i._ x 106, the shock on lip

cowl position _,¢as23.23. These shock on lip co_.¢Ipositions were determined

by observing the inlet in the shadowgraph system.

(U) The inlet was tested at Mach 6 with the throat rakes installed, at

Reynolds numbers per foot of 1.h x 106 and 3.9 x lO6, at angles of attack of

O and -+3 degrees, with the cowl at approximately the shock on cowl lip

position. The inlet was tested at these conditions at 0 degree angle of

attack with the cowl lip located both upstream and downstream of the shock-

on-lip position. The inlet was also tested _t Mach 8 with the throat rakes

installed, at Reynolds numbers per foot of 1.1 x 106 and 2. 9 x 106 at angles

of attack of O, +-3, and 5 degrees. The shock on cowl lip positions at Much 8,

at Reynolds numbers per foot of 1.1 x lO6 and 2.9 x lO 6, at 0 angle of attack,

-_zere 24.54 and 24.57, respectively. Again the inlet was tested at these

conditions at O degree angle of attack with the cowl lip set upstream and

downstream of the shock on cowl lip position, as given in Table 7.3. The

mass flow skirt was set so that the normal shock in the diffuser was upstream
of the mass flow rakes.-

(U) Transient pressure data were taken at Much numbers 6 and 8 at the low

Reynolds numbers at angles of attack of O and -+5 degrees. This was done by

recording the dynamic transducer signals on magnetic tape during the time

period of inlet start to inlet unstart. The inlet was unstarted at O-degree

angle of attack by closing the mass flow skirt and at -+5 degrees angle of

attack by pitching the model from 0 degrees to +-5 degrees angle of attack.

These dynamic data in terms of time variations of pressure are given in Volume

II of Reference 15.

(U) The blunt cowl lip (CL 4) was installed, and the inlet did not start at

Much numbers h.5, 5, and 5.5.

7.2.2.2 (U) Helium Injection Tests

(U) The two-thirds-scale inlet model was tested with helium injected at the

throat at Mach numbers of 6 and 8 at two Reynolds numbers per foot at each

ll?
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Mach number. The model configuration consisted of the standard centerbody

(CB2), no boundary layer trips, the 6-inch cowl with doubler (CL3-D), the

cowl throat rakes, and the helium plenum. The helium injection holes were

drilled into the centerbody normal to the centerline at Stations 27 and 28.44.

The hole pattern consists of 360-O.O67-inch-diameter holes at each station.

(U) To check the helium plenum seals, the nitrogen coolant pressure was

varied from 150 psi to 60 psi with the helium supply turned off and the model

in the tunnel tank. The tunnel tank is a closed chambe_ evacuated to tunnel

pressure below the test section where the model is placed when not in the

tunnel. The tank pressure was 0.258 psi. The plenum pressure varied from

1.17 psi to 0.53 psi which corresponded to a mass flow out of the helium

orifices of 0.097 Ib/sec to O.Oh5 ib/sec. The model was injected into the

tunnel from the tunnel tank, and the nitrogen coolant pressure was varied

from 200 psi to i00 psi with the helium supply turned off. The tunnel

conditions were Mach 7.93, Reynolds number per foot of i.i x 106 , and total

temperature of 1250°R. The plenum pressure varied from 8.60 psi to 5.70 psi

which corresponded to a mass flow of 0.48_ ib/sec to 0.685 ib/sec. The

desired helium mass flow at Mach 8 and Reynolds number per foot of i.I x 106

is 0.125 ib/sec. Thus, the nitrogen leakage into the helium plenum, with the

model in the tunnel, was up to five times the desired helium mass flow. With

the coolant pressure set at 150 psi, the helium supply pressure was increased

in increments , from 0 psi to 210 psi where the inlet unstarted. The helium

plenum pressure at inlet unstart was 12.90 psi, and the helium mass flow was

0.093 Ib/sec. Then with the coolant pressure set at i00 psi, the helium

supply was increased in increments from 0 psi to bOO psi, where the inlet

unstarted. The helium plenum pressure at inlet unstart was 12.85 psi. The

inlet was restarted, and the coolant pressure was set equal to 50 psi. Again

the helium supply pressure was increased in increments from 0 psi to 500 psi,

where the inlet unstarted. The helium plenum pressure at inlet unstart was

12.80 psi, and the helium mass flow for 500 psi supply pressure was 0.22 ib/

sec. Since the inlet unstarted at approximately the same plenum, pressure for

various helium and nitrogen mass flows, it was concluded that inlet unstart

is a function of injection pressure ratio (plenum pressure to freestream total

pressure) and not the molecular weight of the gas.

(U) In order to inject one gas instead of a mixture of nitrogen and helium,

nitrogen was hooked up to the plenum instead of helium. The abcve test con-

ditions were repeated_ and again the inlet unstarted at a plenum pressure of

12.85 psi. The helium supply was hooked back up to the plenum in place of

the nitroge_ supply. Dat_ were taken at Mach 8 at Reynolds numbers per foot
of !.i x iO_ and 2. 9 x i0_ at the angles of attack and cowl positions shown

in Table 7.h. Also sh_m in this table are the average wall temperature

ratios _w/Tt^, the helium mass flow injected, and the estimated nitrogen

leakage into_the plenum.

TheinletwasalsotestedatMach6,Reynoldsnumberperfootof!.ix
, and total temperature of 850°R with helium injection. The coolant

pressure was varied from 50 psi to 150 psi with the helium supply turned off.
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The co_l was set at the shock on lip position of 23.32. The plenum pressure

varied from 3.37 psi to 5.07 psi. This corresponded to mass flows from 0.285

ib/sec to 0.h28 ib/sec. The helium supply pressure was increased to h50 psi,

corresponding to a plenum pressure of iO psi, and the inlet unstarted. The

helium pressure was reduced to a mass flow of 0.05 ib/sec, and the iu!et -_as

restarted. The inlet angle of attack was set at 1.6 degrees, and the inlet

unstarted. The cowl was translated to 23.22 _here data were taken with and

without helium injection. The c_¢i was translated to 23.12 without helium

injection, and the inlet unstarted.

(U) The tunnel total pressure was increased to 175 psi, and the co_! was set

at the shock on lip position of 23.32. The coolant pressure _as varied from

50 psi to 200 psi, corresponding to plenum pressures from 6.37 psi to 8.26 psi,

with the helium supply off. Data were taken with a coolant pressure of iOC

psi with and without helium injection. The helium injection was 0.15 ib/sec.

The helium supply pressure was increased to 800 psi, corresponding to 16.1 psi

plenum pressure and 0.35h Ib/sec helium mass flow, and the inlet remained

started. Data points were taken at 0.15 Ib/sec helium injection at angles of

attack of ±3 degrees and ±4.5 degrees. _n_heinlet unstarted at 5 degrees angle

of attack. The cowl was translated to 23.22 where data were taken at O-degree

angle of attack and 0.15 ib/sec helium injection. The helium supply pressure

was increased to 800 psi, and the inlet remained started. The covi _¢as trans-

lated to 23.12, and the helium supply pressure was increased to 750 psi. The

inlet remained started. The test conditions, cowl positions, and average

wall temperature6ratios Tw/T t_ for the Mach 6 tests at Reynolds numbers per
foot of !.I x I0 and 3.2 x i_6 are given in Table Y._. Also given in this

table are the helium mass flow injected and the estimated nitrogen leakage
into the plenum.

7.3 (U) _IND TU_.TEL TEST DATA

7.3.1 (U) One-Third Scale Model

(U) The test data obtained on the one-third-scale inlet model at the AEDC,

Langley, and OAL Facilities are presented in References 4, 7, and 8. This

one-third-scale model incorporated the inlet 1020 contour. A second one-

third scale inlet model from Phase I, designated Inlet No. i, was tested at

the Langley Unitary Facility, and the results from this test are reported in

Reference 4. Representative test data obtained on the one-third scale inlet

with 1020 contour are discussed below.

7.3.1.1 (U) AEDC Tunnel B Test Data ....

(U) The centerbody and cowl static pressure distributions for a cold _¢all
at Mach 8, at Reynolds number per foot of 2.1 x iO_, and at angles of attack

of O and +3 degrees, are shown in Figure 7.7. The rise in static pressure

near station 18.6 is due to the mass flow plug being partly closed. The

data are for the Mach 8 design cowl lip location (XCL = 13.08 inches). The
centerbody and cowl static pressure distributions for a hot wall at r_iach6
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and 8, and at angles of attack of 0 and ±3 degrees, are given in Figures 7.8

through 7.10. The cowl is located at the design position for these data. It

should be noted that when the model is at -3 degree angle of attack, the

static pressure instrumentation is on the windward side and when the model is

at +3 degree angle of attack, the static pressure instrumentation on the

leeward side. No data are presented at Mach 6 at the low test Reynolds number

per foot of 2.1 x 106 , since the inlet unstarted before the centerbOdy reached

the design position.

(U) The pitot pressure profiles from both the O-degree and 180-degree rakes

at the subsonic diffuser exit station (18.569) at Mach 6 at Reynolds number
per foot of 5.2 x lO°, angles of attack ofiO degree and +3 degrees are given

in Figure 7.11. The throat rakes were removed for these data (subsonic mode)

and the centerbody was in the design position. It is seen from the data that

the pitot pressure profiles are relatively insensitive to angle of attack up

to 3 degrees. The pitot pressure profiles from the 0-degree and 180-degree

rakes at the throat station (l_.3h inch) at Mach numbers 6 and 8, again for

angles of attack of 0 degree and +3 degrees, are shown in Figures 7.12 through

7.15. The centerbody is again in the design position and the plug is open.

The O-degree rake is on the leeward side and !80-degree rake is on the windward

side at positive angle of attack. It is seen in Figures 7.12 through 7.15

that the pitot profiles on the leeward side are significantly lower than pro-

files on the aligned or _ndward side. The corresponding total pressure pro-

files for the pitot pressure data in Figures 7.12 through 7.15 are given in

Figures 7.16 through 7.19. The static pressure was assumed constant across

the duct and equal to the cowl static pressure at the cowl rake for the

diffuser exit profiles and equal to the centerbody pressure for the throat

rake profiles.

(U) The mass weighted average of the throat total pressure profiles at Mach

8 have been computed and are given in Figures 7.20 and 7.21 for the various

test conditions sho_m. The upper curve in Figure 7.20 shows the pressure

recovery versus angle of attack for the three centerbody positions tested and

for the cold wall tests. The lower curve in Figure 7.20 shows similar data

for the hot wall tests. At the design centerbody position _X = .77 inches

from close-off), the cold wall pressure recovery is significantly higher than

the hot wall recovery. The pressure recovery at Mach 8 and the high Reynolds

number with and without the support pylon is given in Figure 7.21.

(U) The mass weighted average of the total pressure profiles at the subsonic
diffuser exit rake for a freestream Mach number of 6 have been computed, and

the results are shown in Figure 7.22 for the various test conditions shown.

The upper curve shows the recovery versus angle of attack for the centerbody

position AX = 1.8h inches from close-off at the various mass flow plus

positions Xp shown. The lower curve in Figure 7.22 shows similar results
except for the centerbody position at _X = 2.0 inches from close-off.
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(U) The one-third-scale model theoretical performance is sho_n in Figure

7.23 in terms of contraction ratio, mass flow ratio, and pressure recovery.

The pressure recovery data at Mach 6 and 8 design centerbody positions for

the test conditions sh_.m are plotted on the curves and are seen to compare

very closely with the theoretical values.

(U) The effects of plug position on the static pressure distributions at

Mach 6 and 8 at the high test Reynolds numbers are shod+ca in Figures 7.24 and

7.25 for +he test conditions sho_m. The plug _as varied in imcrement_ _c

that the normal shock in the diffuser moved upstream to inlet umstart. Inlet

unstart is evident b_ the increase in static pressures upstream of the cowl

lip.

(U) The simulated flight test mounting pylon was installed and the inlet was

tested at P_eh 6.06 and Reynolds number per foot of 5.15 x 106 , and at Mach

8.0_ and Reynolds number per foot of 3.5 x 106 , at various angles of attack.

The results are reported in Reference 8 and show that the presence of this

pylon caused severe internal interference in the inlet flow.

(U) The wall temperature distributions on the centerbody and inner cowl for

the cooled wall data at Much 8 are given in Figure 7.26 for 0 degree and

3 degrees angles of attack. The wall temperature distributions on the center-

body and internal cowl for the uncoo!ed runs at Mach 8 at various angles of

attack and Reynolds number per foot 2.1 x 106 and 3.5 x i06 are given in

Figures 7.27 and 7.28. These wall temperatures were taken after the model

had been in the tunnel for 30 minutes or more. These results show that the

wall temperature is relatively constant along the model and independent of

angle of attack and Re,molds number. It is also seen that in general the

c_l temperature at the throat is somewhat higher than the centerbody tempera-

ture.

7.3.1.2 (U) OAL Inlet Starting Test
i

(U) The evaluation of inlet start on the one-third-scale inlet was made

from both measured and visual data. The inlet was considered started when

each of the following conditions was satisfied: (i) the flow was observed

to be steady and free from shocks in the region just ahead of the inlet

entrance plane from shadowgraph observations; and (2) the centerbody static

pressures upstream of the cowl lip were approximately equal to the theoretical

values. Conversely, the inlet was considered unstarted when the flow became

_nsteady_ shock waves appeared ahead of the entrance plane, and the center-

body pressure levels were in excess of the theoretical valuesJ .....

(U) Experimental data from the OAL t_ests are utilized in this discussion

to illustrate the inlet starting criteria. Shadowgraphs comparing the flow
field when the inlet was started with that when the inlet was unstarted are

sho_ca in Figures 7.29 and 7.30, respectively. These photographs and the

visual observations Of the flow field during the run confirmed that the flow

ahead of the cowl lip was steady and shock free for those cases where the

inlet was considered to be started. When the inlet unstarted, the flow
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became unsteady and an oblique shock wave _:as observed to form ahead of the

inlet entrance plane. Also when the inlet unstarted, the static pressures

on the centerbody were observed to increase above the started theoretical

value. Figure 7.31 shows centerbody pressure distributions for both started

and unstarted flow conditions at the same value of contraction ratio. In all

cases where the inlet was observed to be unstarted, the centerbody static

pressures were above the theoretical supersonic fi_v solution. It was also

observed during these tests that inlet unstarts occurred at wall temperature

ratios (Tw/Tto) from 0.71 to 0.80, and at internal contraction ratios from
1.65 to 2.135. Because unstarts occurred at contraction ratios from 2.06 to

1.65 at a wall temperature ratio of approximately 0.71, it was concluded that

wall temperature ratio %,as a more significant parameter than contraction

ratio.

7.3.2 (U) _-o-Thirds-Scale Model

7.3.2.1 (U) Performance Data

(U) The inlet development test data obtained on the two-thirds-scale model

are given in References 9 and i0. Most of the data obtained from the inlet

performance tests in AEDC Tunnels A and B are presented in Reference 15.

Typical data obtained in the performance tests are discussed below.

(C) The centerbody and cowl static pressure distributions at Mach 4, 5, and

6 at the high test Reynolds number .and at angles of attack of 0 and ±3 degrees

are given in Figures 7.32, 7.33 and 7.34 for the throat rakes removed and the

mass flow skirt open. The cowl was set at the design position of 23.18.

These static pressure distributions are taken at the O-degree meridian plane

on the model. _&en the model is set at a negative angle of attack, the static

pressures are on the windward side, and when the model is at a positive angle

of attack, the pressures are on the leeward side. It is seen from Figures

7.32 through 7.34 that the _indward side has higher pressures than the leeward

side. The centerbody and cowl static pressure distributions at Mach numbers

6 and 8 at the high test Reynolds number and at angles of attack of 0 and ±3

degrees are glvem in Figures 7.35 and 7.36 for the throat rakes installed.

The mass flow skirt was set for these data so that the flow was subsonic at

the mass flow rake station. The cowl was set at the design position of 23.28

and 24.57 at _,_ch 6 and 8, respectively. The pressures ratios P/Po near the

throat at O-degree angle of attack are 49 and 118 for Mach numbers 6 and 8,

respectively.

(U) The pitot pressure profiles at the subsonic diffuser exit station, 0

degree meridian plane, at Mach numbers 4, 5 and 6 at the high test Reynolds

number at angles of attack of O and ±3 degrees are sheba in Figures 7.37,

7.38 and 7.39 _ith the throat rakes removed and the mass flow skirt open.

The pitot pressure profiles are shown in Figures 7.40, 7.4.1 and 7.42 for the

same conditions except with the mass flow skirt partly closed. It is seen

from these results that the flow is supersonic at the diffuser rake station,

and that the pitot pressure profiles do not vary appreciably with angle of
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attack up to 3 degrees when the mass flow skirt is open. When the mass flow

skirt is partly closed, however, the pitot pressures at Much 5 and 6 and at ±3

degrees angle of attack are significantly lower than the pitot pressures at

0 degree angle of attack, as shorn in Figures 7.hl and 7._2.

(U) The pitot pressure profiles at the throat, 0 degree meridian plane, at

Mach numbers 6 and 8 at the high test Reynolds numbers at angles of attack of

0 degree and -+3 degrees are shown in Figures 7.h3 and 7.4h. The correspond-

ing total pressure profiles and Mach number profiles for these data at Much

numbers 6 and 8 are given in Figures 7.45 through 7.h8. In computing the

total pressure profiles, the static pressure for the centerbody rake was

assumed constant and equal to the wall static pressure on the centerbody,

and similarly, the static pressure for the cowl rake was assumed constant

and equal to the wall static pressure on the cowl. It is noted that the cowl

rake is in the wake of the centerbody rake for the Mach 8 data in Figures

7.44, 7.h6 and 7.48. Thus, the data from the cowl rake at Mach 8 were used

for trends only in obtaining the complete profiles across the throat. It is

seen from these results that the effect of angle of attack on pressure pro-

files is significant up to 3 degrees at Much 6 and is quite significant at

Ymch 8. The mass weighted pressure recoveries have been computed for these

pressure profiles, as well as the remaining groups of data, and these

recoveries are presented in Table _.3_

(U)_, The velocity profllesr_t the subsonic diffuser exit station at Math

numbers 4, 5 and 6 at the high test Reynolds number at_angle_ of attack of

_3 degrees are given in Figures 7.49, 7.50, and 7.51 with the

throat rakes removed and the mass flow skirt open. ( The velocity profiles at
the throat at Mach numbers 6 and 8 also at the high test Reynolds number and

angles of attack of-_ _3 degrees are given in Figures 7.52 and

7.53. It is seen from Figures 7.h9 through 7.5_ that the velocity profiles
do not vary appreciably _ angle.."of attack m@. 3 degrees at the test

Uconditions shown.

(U) The effect of angle of attack on pressure recovery at _ch numbers 4, 5,

and 6 for subsonic mode (upper graph) and Mach numbers 6 and 8 for supersonic

mode (lower graph) is shown in Figure 7.5_. Since probe rakes _ere located

at the O- and 90-degree stations only (looking downstream on the model), the

pressure recovery at angles of attack in Figure 7.54 was obtained by averag-

ing the pressure recoveries from the O-degree rakes at the positive value and

at the negative equivalent angle of attack. This results in an approximate

overall average pressure recovery at angl$ of attack. Again it is seen from

these results that the pressure recovery at Mach numbers 4, 5, and 6 at the

diffuser exit is relatively insensitive to angle of attack up to the angles

shown in upper graph in Figure 7.54. The pressure recovery at Mach numbers

6 and 8 at the throat falls off significantly with angle of attack as shown

in the lower graph in Figure 7.5 h.

(U) The effect of cowl and mass flow skirt positions on pressure recovery

at Mach numbers 4 and 5 are shown in Figure 7.55 for the conditions shown.

F
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It is seen from the upper graph in Figure 7.55 that the pressure recovery

at the subsonic diffuser exit decreases as the cowl is translated aft from

the design position to the starting position. This decrease in pressure

recovery is due to the fact that a higher percent of the inlet airflow is

boundary layer when the cowl is moved aft. It is seen from the lower graph

in Figure 7.55 that the recovery increases significantly at Mach 5 as the

mass flow skirt is opened, whereas at Mach 4, the recovery is relatively

constant. The increase in pressure recovery as the mass flow skirt is

opened is due to the normal shock in the diffuser passing downstream of the

diffuser rake. The effect of the cowl and mass flow skirt positions on

pressure recovery at Mach 6 are shown in Figure 7.56 for the conditions

shown and _th the throat rakes rem6ved, it is seen in the upper graph in

Figure 7.56 that the recovery is relatively constant as the cowl is moved

from 23.12 to 2h.46. The mass flow skirt is partly closed to give subsonic

flow at the diffuser exit station. From the lower graph in Figure 7.56 the

recovery increases as the mass flow skirt is opened due to the normal shock

in the diffuser moving downstream of the diffuser exit rake. The effect of

cowl position on the pressure recoveries at the throat at Mach 6 and 8 are

shown in Figure 7.57 for the conditions shown. It is seen from the upper

graph that the recovery at Mach 6 decreases as the cowl is translated forward.

This is a result of the internal coalescence shock becoming stronger due to

the increased flow expansion at the cowl lip. The inlet unstarted at a cow1

position of 23.O0 at Mach 6 and Reynolds number per foot of 1.h x lO6. From

the lower graph in Figure 7.57, no definite trend in recovery is seen with

cowl position at Mach 8. It is seen, however, that the recovery is quite

sensitive to cowl position.

(U) The effect of Reynolds number on pressure recovery is given in Figure

7.58 for Mach numbers h, 5, and 6 at the diffuser exit station (upper graph)

and for Mach numbers 6 and 8 at the throat (lower graph) at the conditions

shown. The general trend of increasing recovery with increasing Reynolds

number is illustrated.

(U) The effect of angle of attack on mass flow ratio at Mach numbers 4, 5, 6,

and 8 is given in Figures 7.59 and 7.60 for the test conditions shown.

Although there is some scatter in the data, the trend shows that the mass

flow ratio decreases as the angle of attack deviates from 0 degrees.

(U) The experimental mass flow ratios at Mach numbers 4, 5, 6, and 8 are

compared with the theoretical mass flow ratios in Figure 7.61 with the cowl

in the design position. Both experimental methods 1 and 2, as given in

Reference 16, are plotted. Method 1 uses the wall static pressures at the

mass flow rakes and assumes sonic flow at the exit, and method 2 uses the

pitot pressures from the mass flow rakes and also assumes sonic flow at the ."

exit. The results in Figure 7.61 show that the measured mass flow ratios w/

are in general agreement with the theoretical values (within sevenpercent)-

and that both methods 1 and 2 are in general agreement w!_ each other.
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_U/ A summary of the two-thirds-scale inlet performance, in terms of mass

weighted pressure recovery, mass flow ratio, and contraction ratio for the

Mach number range 4 to 8 at zero degree angle of attack is presented in

Figure 7.62 and compared _th the inlet objectives. The pressure recoveries

_ere obtained by averaging the individual pressure recoveries resulting from

the O- and 90-degree rakes. The pressure recoveries in the subsonic mode at

Mach numbers 4 to 6 are the maximum recoveries obtainable where the normal

shock in the diffuser was moved as close to the throat as possible, without

inlet unstart. It is seen from this comparison that all inlet objectives _

were me_ o_" exceeded _th the exception of the pressure recovery at _ch '\

nu_0oers 4 and 5. The pressure recovery required to match the engine combustori.'

from Mach 4 to 6 is sho_ in Figure 7.62. It is seen that the measured

pressure recoveries at Mach 4 and 5 are greater than the required recoveries /

for engine matching.

(U) The circumferential static pressure distributions for Mach numbers _,

5, and 6 with the throat rakes removed, and for Mach numbers 6 and 8 with

the throat rakes installed, at angles of attack of O and ±3 degrees are pre-

sented in Figures 7.63 through 7.67. These results show the nonuniform

static pressure distributions which existed in the inlet at angle of attack.

The circumferential velocity ratio distribution at 3 degrees angle of attack

is given in Figure 7.68 for Mach numbers _, 5, and 6 at the diffuser exit

station and for Mach numbers 6 and 8 at the throat. The test conditions are

sho_ in the figure. The velocity _ is the mass weighted average across the

duct. The 0 degree and 180 degrees circumferential angles are on the windward /

and leeward sides, respectively. The low velocity ratios on the leeward "_
side (%= 180 °) at Mach numbers 6 and 8 indicate separated flow in this region. _/_

(U) Typical centerbody and internal c_zl wall temperature distributions at

Mach numbers 4, 5, 6, and 8 are presented in Figures 7.69 through 7.72 for

the test conditions shown. It is seen from these wall temperature distribu-

tions that a relatively low walltemperature ratio was achieved on the center-

body upstream of Statior 16, and that the wall temperature ratio increases

near the inlet throat. In all cases, the wall temperature ratios sheen in

these figures correspond to the lowest wall _emperature such that the center-

body was frost free or nearly frost free. Occasionally, a thin layer of

frost formed on the centerbody cone.

(C) As mentioned in the Wind Tunnel Tests, Section 7.2, the inlet was

purposely unstarted at Mach numbers _ and 5, and static pressures were

measured on the centerbody and internal cowl. Some of these data are shown

in Figures 7.73 through 7.76 with the cowl at peak mass flow contraction

ratio product and operating position, all at the low test Reynolds number

per foot and zero degree angle of attack. These pressure ratios near the

throat are the highest at the peak mass flow contraction ratio cowl positions

and are equal to 28 and 41. 5 at Mach numbers 4 and 5, respectively. From the

static pressure distributions, pressures with the inlet unstarted are signifi-

cantly higher than the static pressures for the inlet started at the same

test conditions.

, r
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(U) The measured centerbody and internal cowl static pressure distributions

at Mach 3, with the cowl at the operating position of 23.17, at 0 and ±3

degrees angle of attack, are given in Figures 7.77, 7.78 and 7.79. The

spillage drag rake was installed at the zero degree plane, and the inlet was

unstarted. The total pressure profiles obtained from the spillage drag rake

are shown in Figure 7.80. The computed drag coefficients, mass flow ratio,

and pressure recovery at the diffuser exit station are also given in the

figure. It is seen from Figure 7.80 that the flow on the leeward side

(_ = + 3 degrees) of the centerbody was separated.

(U) Although the model contained three heat transfer gages, no valid heat

transfer data were obtained due to excessive thermocouple lead breakage inside
the model.

7.3.2.2 (U) Helium Injection Test Data

(U) The test data obtained from the helium injection tests are discussed

in this section. As mentioned in Section 7.2, the nitrogen coolant leaked

into the helium plenum. To establish this leakage flow rate, tests were made

at various coolant pressures and tunnel conditions _th the helium supply to

the helium plenum turned off. These leakage mass flo_7 rates as a function of

nitrogen supply pressure are given in Figure 7.81 through 7.84 for the tunnel

test conditions shown. The leakage rate _th the model in the tank is sho_n

in Figure 4.81. The orifice coefficient for the helium orifices used in

obtaining the leakage flow rates was assumed equal to one. The nitrogen leak-

age rates were obtained fromthese curves and are listed in Table 7.4 for the

various test conditions. The helium mass flows listed in Table 7.4 were

obtained from a calibrated orifice plate in the helium line. It is seen from

the results in this table that the nitrogen leakage is in general much larger

than the helium mass flow, and that there was always a significant quantity

of leakage, or mass injection, when the model was in the tunnel for the helium

injection tests.

(U) The static pressure distributions along the centerbody and internal cowl

are shown in Figures 7.85 through 7.92 for typical helium tests. Also shown

on these figures are the static pressure distributions obtained from the per-

formance tests at comparable test conditions, where the helium plenum was not

installed. It is seen from these pressure distributions that the static

pressures in the throat region for the data with helium injection are signifi-

cantly higher than the data without injection. This is to be expected due to

the unfavorable interference in the throat region as a result of mass injection.

The static pressure distributions for Mach 6, low R_ynold_ number, and cowl

position of 23.32, at the normal and maximum mass flow injections, are sho_m

in Figures 7.85 and 7.86, respectively. The maximum mass flow injection

corresponds to the mass flow slightly less than the mass flow required to

unstar% the inlet. The static pressure distribution for Mach 6, low Reynolds

number and a cowl position of 23.22, is sho_m in Figure 7.87_The static •

pressure distribution for Mach 6 at the high Reynolds number and a cowl

position of 23.32, at the normal and maximum mass flow injections, are sho_m

in Figures 7.88 and 7.89, respectively. Similarly, the static pressure
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distributions at Mach 8, low Reynolds number and cowl position of 24..54_ at
the normal and maximum mass flo_ InJections_ are shown in Figures 7.90 and

7.91, respectively. The static pressure distribution for Mach 8 and high
Reynolds number for a high mass flow injection is sho_n in Figure 7.92.

(U) The centerbody and cowl wall temperature distributions for the helium

tests are given in Figures 7.93 through 7.98. It is seen from these tempera-
tures that the _all temperatures increase near the throat to near an adiabatic
wall.

7.3.2.3 (U) External Cowl Static Pressures

(U) The static pressure measurements are given in Figure 7.99 for Mach
numbers 4 to 8 at the cowl positions shown. It is seen that the static

pressure decreases rapidly downstream of the cowl lip at all Mach numbers.
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TABLE 7.1

ONE-THIRD SCALE INLET TESTS

Facility Date
Test Objective }4o Tto

oR

TJTto

Langley

Unitary
4' x 4'

5-14-67
to

5-18-67

Determine starting

charac teris tic s.

4.0, 630 5.4,

4.63 630 6.8

Adiabatic

Adiabatic

OAL
Ceil 6
First

Entr7

AEDC

Tunnel B

OAL
Cell 6

Second

Entry

5-25-67
to

5-30-67

7-7-67

to

7-19-67

8-1-67

to

8-7-67

Determine starting

characteristics.

_tein Performance

4.1 1660 4.3

4.1 560 10.5

to

27.0

6.0 850 2.15

to to

III0 5.15

8.0

Obtain Performance 4. I

Data

4.1

1300 2.10

to

3.5

1560 4.3

iO10 I0.5

0.18 to

Adiabatic

Adiabatic

0.25 to

Adiabatic

0.12 to

Adiabatic

O.I0 to

Adiabatic

O.16 to

Adiabatic
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Facility Date

TABLE 7.2

TW0-THIRDS SCALE INLET TESTS

Test Objective MO Re/Ft
x 10-6

Angle of Attack

AEDC

Tunnel A

AEDC

Tunnel B

3-27-68

to

Z,-3-.68

5-1-68

to
5-10-68

7-8-68

to

7-23-68

8-26-68

to

9-6-68

9-16-68

to

9-18-68

Determine effect of

cowl leading edges

on starting and

operating.

Determine effect of

unshaved centerbody

on starting and
operating.

Diagnostic studies

Determine effect of

trips and surface

roughness on start-

ing and operating.
Performance data

Obtain performance
data

Obtain helium

injection data

4-6

_-6

3,4,5

6,8

6,8

2.1-5.1

2.1-5.1

1.7-5.1

1.1-4.1

I.1-3.2

0 °

0 o

0 0
0°, _+3,_+5

0O, _30,_+50

0°, _°,_5°

°
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8.0 (U) CO_5°ARISON OF EXPERI_%_fAL Ah'D THEORETICAL RESLV,.TS

(U) Comparisons of experimental and theoretical res11Xts for the one-third-

scale inlet 1020 and two-thirds scale inlet T models have been made. The

results of these comparisons are reported in this section in terms of wall

s_atic pressure distributions, throat total pressure profiles, integrated
total pressure recoveries, and mass flow ratios. The Lockheed Inlet

Computer Program (Reference 3) was used to obtain the theoretical results

presented. The comparisons for the one-third-scale model are presented
first, followed by those for the two-thirds-scale model.

8.1 (U) O_-THIRD-SCALE MODEL

(U) The theoretical performance levels of the one-third-scale inlet 1020

model were determined during Phase !, and the results are presented in

Reference 4. Since Phase !, however, the Inlet Computer Program has been

improved. In particular, a modification was made to the turbulent boundary

layer routine to reflect the proper edge entropy. The theoretical Mach 8

performance of the one-third-scale inlet model has therefore been recomputed.

(U) The theoretical Mach 8 performance of the I/3-scale model is _resente_

in ?igures 8.1 through 8.4 in terms of inlet shock structure, centerbody and

cowl wall pressure distributions, and throat total pressure profile. As

seen in Figure 8.1, the theoretical solution was obtained for a mass flow

ratio of 0.902. An attempt was made to obtain a theoretical solution for

full capture flow, but internal coalescence prevented completion of the

solution. Experimental data are available, however, for the cowl position

shown and are presented in Figures 8.2 through 8.4. The experimental pressure

levels are seen to be in generally good agreement with the theoretical

results. However, the location of the first shock boundary layer inter-

action on the centerbody is seen to be off about 0.3 inches. It should be

noted that this difference was not observed in the two-thirds scale model

data correlations. In addition, it should also be noted that the one-third-

scale model cowling was out of round, which is probably responsible for the

large difference between computed and measured locations.

(U) A comparison of the theoretical and experimental throat total pressure

profiles is presented in Figure $._. The profiles are seen to be in fair

agreement. The experimental profile was computed assuming a linear static

pressure distribution across the duct. The theoretical cowl pressure at the

throat station was used since experimental data were not available at that
station.
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8.2 (U) TWO-THIRDS-SCALE MODEL

8.2.1 (U) Mach 4 Data Correlations

(C) A considerable amount of centerbody boundary layer data at Mach 4 was

taken during the two-thirds-scale inlet development tests in an effort to

define the inlet starting problem. In particular, Centerbody boundary

layer parameters at Station 23 were obtained for forced and natural trans-

ition and for adiabatic and cold wall conditions. A summary of the measured

boundary layer, displacement, and momentum thicknesses is presented in

Table 8.1 for total pressures of 73 and 30 psia. The boundary layer thick-

nesses were obtained directly from the measured pitot pressure profiles

while the momentum and displacement thicknesses were computed by the method

presented in Reference 9. The measured pitot pressure profiles for these

data groups are presented in Reference 9. The results presented in Table 8.1

show the importance of model wall temperature and boundary layer trips in

that the boundary layer thickness varied from 0.05 inches with a cold wall

(light frost) and no trips, to 0.164 inches with an adiabatic wall and sphere

trips, for a total pressure of 30 psia. In addition, it is seen that a

heavily frosted wall produces results which are similar to the adiabatic wall

results.

(U) A study was conducted to determine if the large variation in boundary

layer thicknesses could be theoretically computed by use of the Inlet

Computer Program. Several theoretical solutions were run for various trip
locations. The results of these theoretical solutions are summarized in

Table 8.2. In this table, XTRIP is the beginning of transition and XTURB

is the end of transition. The turbulent boundary layer solution starts at

the end of the transition region. A direct comparison of the experimental

and theoretical boundary layer parameters at Station 23 for tripped and

untripped boundary layers, and for total pressures of 73 and 30 psia are

presented in the following table.

(C) CO_4PARISON OF EXPERIMENTAL AND THEORETICAL BOUNDARY LAI_ER PAP_METERS

Pt
O

PSIA

73

73

30

30

73

XTR!P

(in)

Clean

--4.5

Clean

--4.5

Clean

Temp.

Cold

Cold

Cold

Cold

Adia.

(in)

Data Theory

.058 .O178

.128 .0973

.050 .0294

.080 .Iii

.IO .o27

6*(in)

Data Theory

.015 .013

.027 .0309

.023 .0226

.027 .0357

.029 .0196

8 (in)

Data Theory

.0031 .00166

.0077 .00755

.0071 .00218

.0067 .00917

.0023 .0067

_',!._.
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(U) It is seen that the theoretical 6" values are in good agreement with

the high pressure data with and without trips, and is also in agreement with

the low pressure data for no trips. Inspection of the above table shows

that the theory almost consistently underpredicts the boundary layer and

momentum thicknesses. The difference in boundary layer thickness may be due

in part to the difficulty in determining the boundary layer edge.

(U) Theoretical Mach 4 inlet shock structure and wall pressure distributions

ba_ _en computed for Reynolds numbers per foot of 2.18 Y 106 and 4.75 x 106 .

The inlet shock structure and pressure distributions for the low Reynolds

number case (case 132) are presented in Figures 8.5 through 8.8. Experimental

data from the performance tests are also shown in these figures. It should

be noted that the trips were placed at Station 20 for the theoretical

solution. It was initially intended to run the theoretical solution with the

trips at Station 23 to simulate the natural transition point location observed

during the tests. However, laminar boundary layer separation theoretically

occurs on the aft compression surface. The trips, therefore, were placed

ahead of the compression surface at station 20.

(U) The theoretical Mach 4 inlet shock structure and wall pressure distri-

butions for a Re/F% of 4.75 x 106 (case 46) are presented in Figures 8.9

through 8.12. The boundary layer trips were placed at Station 2.6 for the

theoretical solution. Experimental pressure distributions obtained during

the development tests for configurations with and without boundary layer

trips are also shown in the figures. It is of interest to note that the

experimental pressure distributions are almost identical. This indicates

that the boundary layer thickness at the cowl lip station was about equal

for these two data groups and probably means that the centerbody had a

thick coating of frost. It is also of interest to note when comparing

Figures 8.7 and 8.11 that the throat pressures obtained during the perfor-

mance tests are lower than those obtained during the development tests.

This is due to the fact that a laminar boundary layer was maintained up to

about the cowl lip station during the performance tests. A centerbody

modification, _nd care in preventing frost formation, was responsible for the

delayed transition observed during the performance tests. The centerbody
modifications are discussed in Reference 9.

(U) Referring to Figures 8.11 and 8.12, it is seen that the measured

pressure levels are higher than predicted in some regions. As previously

mentioned, the turbulent boundary layer theory _derpredicts the boundary

layer thickness. This difference may be responsible for the difference

between the theoretical and experimental pressure levels. The fact that

the data presented in the figures is for a lower Reynolds number than the

theoretical solution may also account for some of the disagreement.

(U) The theoretical throat total pressure profile for the high Reynolds

number case (case 46) is presented in Figure 8.13. Experimental data from

the development tests are also shown in the figure. The throat rakes were

not installed during the Mach 4 performance tests. The agreement between
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the data and the theoretical profile is reasonable. It should be noted that

the experimental total pressures were computed bj the near wall static method

(i.e., the centerbody and cowl throat static pressures were used for the

respective throat rakes). The agreement between the two data groups is

expected since their static pressure distributions were almost identical.

It is noted that the measured throat profiles are different at the O ° and

90 ° circumferential locations. This result is discussed in a later _ection.

8.2.2 (U) Mach 4.53 Data Correlations

(U) The theoretical Mach 4.53 inlet shock structure and comparisons of the

theoretical and experimental wall pressure distributions, are presented in

Figures 8.14 through 8.17. The theoretical and experimental results are pre-

sented for trips at Station 4.66_ and the data are for both an adiabatic and

a cold wall. As shown, wall temperature has little effect on the measured

pressure distributions. In addition, the measured pressure levels are seen

to be generally higher than predicted in the region downstream of the throat.

The theoretical and experimental throat total pressure profiles are shown in

Figure 8.18 and are seen to be in good agreement.

(U) Additional ._ach 4.53 data comparisons are presented in Reference 9. In

particular_ comparisons are presented for the shaved centerbody configuration

with the cowl positioned in both the operating and starting positions. The

data presente_ in those figures are in as good agreement as that presented

herein.

8.2.3 (U) Mach 5 Data Correlations

(U) The theoretical Mach 5 inlet shock structure and comparisons of mea-

sured and theoretical wall pressure distributions are presented in Figures

8.19 through 8.22. The trips were placed at Station 20 for the theoretical

solution, which approximates the actual transition point observed in the

performance tests. The measured pressure levels are seen to be in good

agreement with the theoretical results.

(U) The theoretical Mach 5 throat total pressure profile is presented in

Figure 8.23. Experimental _ata from the development tests are also pre-

sented in the figure. The experimental profile for the 90 ° radial locaticn

is seen to be in excellent agreement with the theoretical profile. Uowever,

the profile for the zero degree station is skewed more toward the center-

bo_y. This characteristic was also observed in the Mach 4 and Mach 4.53 data

corre!_tions.

(U) Additional Mach 5 data comparisons are presented in Figures 8.24

through 8.27. In these figures, experimental and theoretical pressure

distributions are presented for boundary layer trips placed at Station 4.66.

The pressure levels are seen to be generally higher than predicted in the

region downstream of the throat.
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8.2.4 (U) Mach 6 Data Correlations

(U) At Mach 6, considerable difficulty was encountered in obtaining a com-

plete internal flow field solution by use of the Inlet Computer Program. In

particular, severe internal Mach wave coalescence prevented completion of the

solution. The partial computer solution was sufficient, however, to estimate

using hand computations, the inlet internal shock structure and flow field.

(U) The inlet shock structure, including the shock Which arises from the

Mach wave coalescence, is presented in FiFure 8.28 for the tunnel conditions

of the performance tests. Since the flow deflection across the cowl shock

at its intersection with the centerbody boundary layer _as small, it was

assumed that the cowl shock would not reflect off the centerbody. The

coalescence shock is initially formed by the sharp focusing of the com-

pression fan generated by the internal cowl compression surface. The first

and last characteristic rays of this compression fan are shown in the figure

by the alternating dash-dot lines. The coalescence shock strength is

further increased by the coalescence of the reflected compression fan gener-

sted by the aft compression surface on the spike.

(U) Experimental and theoretical wall pressure distributions are compared

in Figures 8.29 through 8.31. The theoretical pressure distributions down-

stream of Station 25.7 were obtained by following surface streamlines and

applying Prandtl-Meyer and oblique shock relationships. It should be men-

tioned that opposite wall Prandtl-Meyer expansion and compression fans were

accounted for in computing the wall pressure distributions. The measured

centerbody pressures are higher than predicted in the throat region while

the cowl pressure distributions are in excellent agreement. The location

of the actual shock boundary layer interaction on the cowl probably lies

downstream of the predicted location since, if the shock was at its

predicted location, agreement between the theoretical and experimental

results just upstream of the interaction would not be as good as shown.

(U) The theoretical and experimental throat total pressure profiles are

shown in Figure 8.32. The theoretical profile was computed by tracing

streamlines from the coalescence shock to the throat and applying oblique

shock relationships. The agreement is fair considering the method of obtain-

ing the theoretical profile.

8.2.5 (U) Mach 8 Data Correlations

(U) The theoretical Mach $ performance of the two-thirds-scale inlet model

has been computed for the high and low Reynolds number test conditions of

the AEDC Tunnel B test entry. The theoretical inlet shock structure and

comparisons between the measured and theoretical wall pressure distributions

for the low Reynolds number case (Mach 7.93) , are presented in Figures 8.33

through 8.36. The throat total pressure profiles are compared in Figure 8.37.

It is seen that the measured cowl and centerbody pressures in the throat

region are higher than predicted and are also unsymmetrical. The fact that
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the theoretical solution was run for a mass flow ratio of 0.95 rather than

full capture flow could be partly responsible for the difference in pressure

levels. An attempt was made to obtain a theoretical solution for a higher

mass flow ratio, however, convergence problems associated with a weak shock

boundary layer interaction prevented completion of the solution.

(U) The experimental throat total pressure profiles shown in Figure 8.37

exhibit the same characteristics observed in the lower Mach number correla-

tions in that the profile is skewed towards the centerbody at the zero degree

circumferential location and toward the cowl at the 90-degree location. The

skewed profiles are more apparent in the pitot pressure profile shown in

Figure 8.38. The 0.98 total pressure recovery point shown in Figure 8.37 is,

of course, unrealistic and indicates that the near wall static method of

computing total pressures is not as accurate as would be desired. In view

of the unsymmetrical nature of the flow and since the location of the shock

waves cannot be determined, it was not obvious how to incorporate a real-

istic static pressure gradient in the total pressure computations.

(U) The Mach 8 inlet shock structure and comparisons of the theoretical and

experimental pressure distributions for the high Reynolds number test con-

ditions are presented in Figures 8.39 through 8.42. The trips were placed

at Station 13 for the theoretical solution which simulates the natural

transition point observed in the tests. The trips were placed at Station 20

for the low Reynolds number (Mach 7.93) solution. The experimental pressure

levels are seen to be in good agreement with the theoretical results except

for the throat pressures. The throat pressures are not only unsymmetrical

but do not repeat for the data groups shown. It should be noted that these

were the only data taken for the Mach 8 high Reynolds number test conditions

at zero angle of attack with shock on lip. The throat pitot pressure profiles

for these data groups are presented in Figure 8.43. The repeatability of the

pitot profiles is as good as that obtained for the Mach 7.93 data. Since the

throat static and pitot pressures repeated for the Mach 7.93 data, it follows
that the throat statics for the Mach 8 data should have also repeated. The

validity of the Mach 8 throat static pressure data is therefore questionable.

However, it should be noted that the difference between the zero and 90

degree pitot pressure profiles is greater at Mach 8 than at Mach 7.93. Thus,

the throat pressures should be more unsymmetrical at Mach 8. The throat

static pressure data have some degree of validity in that this trend was

measured.

(U) The Mach 8 throat total pressure profiles are presented in Figure 8.44.

The large difference between the zero and 90 degree rakes is expected since

the pitot pressure profiles differed greatly. The limitations of the near

wall static method for computing total pressure is apparent since several

probes indicated total pressure ratios greater than one. As previously men-

tioned, a logical method for incorporating a realistic throat static pressure

gradient in the total pressure computations was not developed prior to pro-

gram completion.
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(U) It shou!,i be noted that the second and third pitot probes (from the

centerbod:__, of the 90-degree throat rake exhibited very slow leaks (i.e,,

barely perceptible) during instrumentation checkouts throughout the Tunnel

B test entry. Eliminating these data points from the low Reynolds number

pitot pressure profiles shown in Figure 8.38 would show that the flow is

s_metrical However, the high Reynolds number pitot profiles (Figure S.43"'• /

would still show _is_m_metrical flow. It should be note_ that at Mach 6 the

pitot pressure profiles at the O- and 90- degree locations were about the ....<

same for both the low and high Reynolds number tests and indicates that the

data from these two probes are valid. In view of the ,_,r_,6 results an_ the

uns_,,_metrical throat static pressures, it is assumed that the pitot pressure

data from the Mach S tests are also valid. Although this assumption is ques-

tionable, the fact still remains that the flow is very uns_._metrical for the
high Reynolds number Mach 8 test conditions ....... o

(U) In general, it has been found that the difference between the O-and 90-

degree _hroat total pressure profiles become more pronounced as the _%ch

number is increased and the cowl is moved aft. This suggests that the

model was not truly symmetrical. In particular, it is possible that the cowl

and centerbod¥ center!ines were slightly misaligned, although alignment was

near!g perfect when the model completed inspection prior to testing at AE2C.

A slight deviation would have little effect at the lower Mach numbers since

the cowl is forward and the throat height is relatively large. However, as

the cowl is moved aft to the Mach 8 position, the throat height is reduced

considerably and the inlet performance becomes more sensitive to any mis-

alignment. For example, a O.Ol5-inch difference between the cowl and

centerbody centerlines could produce on the basis of a one-dimensional
"°_ ..... 30_n_j_ a percent differemce in the throat static pressures in the plane

of the misa!ignment. In addition, if the boundary layer displacement e_fect

is greater than predicted, the effective throat height would be further

reduced and the sensitivity to any misalignment would become more pronounced.

(U) The fact that the flow is more unsymmetrical at the high rather than

the low Reynolds number at _ch 8 could possibly be attributed to an increased

boundary layer thickness. For example, the boundary layer thickness at the

cowl lip station was computed to be 14 percent larger at the high Reynolds

number. This difference is due to the forward shift of the transit_i_n_pint
as the Regno_d_er zs increased. In addition, it is possible that the

inorease_ pressure l-0_ds associated with the high Reynolds number and the

increased coolant pressures and heat transfer rates might have contributed

to model distortion. The coolant pressure was increased IO0 psi for the high

Reynolds number test.

8.2.6 (U) Recovery and Mass Flow Correlations

(U) The pressure recovery levels of the two-thirds scale inlet model are

presented in Figure 8.45 for Mach numbers ranging from 4 to 8. In this

figure, the theoretical supersonic throat recoveries and the subsonic

diffuser exit recoveries are compared with typical experimental results.

experimental _ata points were obtained by averaging the O- and 90-degree

The
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rake recoveries and are seen to be in fair agreement with the theoretical

results. The theoretical diffuser exit recoveries were obtained by computing

an equivalent throat Mach number and then expanding the flow from the throat

area to the area at Station 35 and applying normal shock relationships.

Although the diffuser exit rakes were located at Station 38, the terminal

shock was placed at Station 35 for the theoretical computations since the

midpoint of the experimental terminal shock pressure rise occurred at about

this station for the data points shown.

(U) A comparison of the experimental and theoretical mass flow ratios is

presented in Figure 8.46 as a function of Mach number and cowl position. In

general, the agreement between the experimental and theoretical results is

good. It should be noted that except for the full capture flow positions,

the experimental mass flow ratios were obtained by averaging the values

obtained from the sonic plug static and the sonic plug total methods for

computing inlet mass flow ratios. These computational methods are presented

in Reference 16.
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TABLE 8.1

BOU'_ARY LAYER STUDY

STATION 2} DATA

/

GR.
Pt TRIP Tw $

$ @

64
_'0
76

65

75

68

71

77

66

74
_0

69

72

67

78

74 C Ad. .i0 .029

73 S " .13_ .036

73 G " .136 .038

30 C " ,O_0 .O18
30 S " .164 .042

30 G " .115 .O20

73 C Light .058 .0]5
Frost

73 S " .128 .027

73 G " .128 .035

30 C " .050 .023
30 S " .080 .027

30 G " .080 .026

73 C Heavy .Ii0 .026
Frost

73 S " .126 .024

30 C " .092 .018

30 S " .122 .034

.C067

.0082

.OOS3

.oO_e

.0102

.0052

.oo31

.0077

.0064

.0071

.0067

.0057

.0069

.0O73

C denotes clean surface, no boundary layer trip

S sphere used to trip boundary layer

G grit used to trio boundary layer- units of 8,

8 and @ are inches
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9.0 CONCLUSIONS

Conclusions which can be drawn from the Phase II inlet studies are

listed below.

lu The inlet configuration developed during Phase I has been useful

in studying the merits of the upsloping inlet concept. However,

significant engine performance improvements were potentially avail-

able by design modification.

o _ach 4 starting problems and Mach 6 operating problems of a

one-third scale model of the Phase I inlet resalted from

inadequate wall cooling and internal shock coalescence.

. Mach 4 starting of the Phase II inlet is very sensitive to

wall cooling and spike surface finish. The internal compression

coalescence of this configuration produced no significant perform-
ance penalties.

. Tests with simulated fuel injection at the inlet throat indicated

the following:

(a) Helium can be injected into the inlet throat in amounts

substantially greater than that required to simulate the

mixture molecular weight for, stoichiometric hydrogen

injection without choking the inlet.

(b) Inlet unstart is assoolated with injection plenum pressure

and is independen_ of the molecular weight of the injectant.

.

.

In spite of indications of strong influence of wall temperature

ratio on inlet pressure recovery, the phenomenon cannot be

correlated from the data obtained in this program.

T_e inlet analysis pro_ram used in this study can adequately
predict inlet perf0_ance.

. While Reynolds number effects on inlet performance tend to be

linear, angle of attack effects tend not to be.

8_

u

The theory presented, overpredicts mass flow spillage with

angle of attack for the Phase II configuration tested.

All important goals of this task were met.

_ AIRESEARCH MANUFACTURING COMPANY
LeS An_e_es, Cahforn_a
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APPENDIX A

CORRELATION OF MODEL DATA TO FULL-SCALE INLET CHARACTERISTICS

The two-thi rds scale inlet model test data must be interpreted for

application to the full-scale engine. In general_ three independent quanti-

ties are needed to define inlet performance. The quantities chosen to

desCribc tIRE iniet performance are contraction rat_u (CKj, L_tal pressure

recovery (I])_ and mass flow ratio (m/mo).

Contraction Ratio

Inlet contraction ratio is simply basecl on the physical geometry of the

inlet; CR = f (Xc/R c)_ where Xc = distance from the spike apex to the cow[ lip

leading edge and R = the radius of the cowl lip leading edge_ measured from
c

the engine centerline. The inlet contraction characteristics are presented in

Figure 6.14_ Configuration No. 3.

Mass-Flow Ratio

Inlet mass-flow ratio depends on the following:

m/m 0 : g (moJ Xc/Rc, o_).

Test data presented in this report for mass flow have been seen to exhibit

substantial scatter. However, the zero angle-of-attack data (Figure 7.61)

tend to substantiate the theoretical predictions. Unfortunately_ the trend

with angle-of-attack (Figures 7.59 and 7.60) is not clear from the tests dueto

scatter. Thereforej a theoretical prediction of the dependence of mass flow on

on angle-of-attack would be very useful as a guide. A theory has been derived

for conical inlets in Reference B-I. The detai Is of the derivation are pres-

sented in Appendix B. The results of calculations for the present inlet are

presented in Figure A-I. Comparisons with test data from Figure 7.59 and 7.60

are presented in Figure A-2 and A-3. The theory slightly overpredicts the

spillage. Corrections have been included in Figure A-I for the fact that the

portion of the inlet which has swallowed the spike shock actually operates at
m/m = I.0.

o

Thus, the mass flow ratio to be used in engine performance calculations
wi II be determined from

m/m 0 (m o, Xc/R c , _) : m/m ° (mo, Xc/R c)
_:0

(m/m O)

where Am/m (m ° _ _) :o (m/m) - 1.
0

O_ : 0

+ A m/mo (m 0 , C_),

_ AIRESEARCH MANUFACTURING COMPANY
lo_ J&mReles_Cahfomka
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The first term on the right is obtained from Figure 7.61 and the second

term from Figure A-I. This is felt to be both substantiated by and necessitated

by the test data mentioned above. Figure A-4 presents the mass-flow data corre-

lated for cowl position and angle-of-attack.

Total Pressure Recovery

Inlet total pressure recovery for a given Mach number may be written in
the form

u

: T_ + [A_ (Xc/Rc) + A17 (c_) + ATi (Tw/T T ) + Z_l7 (Re)],
0

m

where Tl is determined experimentally for a nominal value of cowl position and

wall temperature ratio; zero angle of attack and a Reynolds number for some

reference condition. The correction terms in the bracket can be determined

experimentally or analytically. The method of determining the correction terms

differs for the subsonic and supersonic combustion modes as discussed below.

Corrections for wall temperature ratio effects unfortunately Cannot be

determined by either method at the present tiFne. Experimentally_ the model

was limited to operation within a narrow range of wall temperature ratios by
frost formation on the one hand and by the adiabatic wall on the other. To

further decrease the operational band_ the model was structurally designed

for a relatively cold wall for AEDC Mach 8 total temperature and could not

be operated adiabatically at this condition. Furthermore_ the modei would

not operate with an adiabatic wall at the lower Mach numbers. The result

was too small a wall temperature ratio variation to clearly define trends
beyond the normal data scatter.

For an analytical correlation_ one might argue in favor of a simple

Rayleigh line correction for heat loss. However_ this is complicated by the

fact that both skin friction and boundary layer transition location are

strongly influenced by wall temperature ratio. Therefore_ a Rayleigh cor-

rection could be misleading and surely is an oversimplification. Thus_ the

lack of extensive test data along with this lack of a suitable theory does

not permit a wall temperature correction to the inlet pressure recovery.

Subsonic Combustion Mode_ Combustion Entrance Mach Number Subsonir

The method employed in computing cycle performance for subsonic combustion

involves an iteration between combustor entrance conditions and combustor losses

to match the boundary condition for a choked sonic exit. One objective of the

subsonic combustion mode inlet tests was to demonstrate inlet operation without

unstart for pressure recovery levels equal to or greater than that requi red for

stoichlometrlc combustion. So long as the engine operates at pressure recoveries

less than the unstart value_ the terminal shock position is irrelevant.

In keeping with these cycle performance calculation procedures_ only the

inlet maximum pressure recovery need be specified. As discussed above_ this

is a function of Mach number_ cowl position_ Reynolds number and angle of attack.

_ AIRESEARCH MANUFACTURING COMPANY
LO_ AmgeJ_, Cahforn_a
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Figures 7.54 through 7.60 present the pressure recovery data obtained over a
range of these variables.

Figures 7.55 and 7.56 illustrate the dependence of pressure recovery on

mass-flow skirt position. The key to performance_ as noted above_ is to
establish the upper limit of pressure recovery. It is felt that data scatter

in pressure measurements as well as mass-flow skirt position prevents sharp

definition of the upper limit from these figures. Therefore_ it is proposed

to define the variation of pressure recovery with cowl position anaiyticaJly
as a function of aerodynamFc contraction ratio. Substantiation for such a

correlat[on is provided, for example_ in Reference I. This correlation is

extended in the present report to include the concept of a theoretical upper
limit of pressure recovery as a function of aerodynamic contraction ratio and

freestream Mach number. Further_ it is hypothesized that a given inlet will

perform at a constant percentage of the theoretical limit over the range of
contraction ratios (cowl ITp position)of interest.

The theoretical maximum pressure recovery for subsoni c combustor-entrance

Mach number is obtained for a given freestream Mach number by isentropic

compression to the inlet throat aerodynamic contraction ratio (m/mo)(CR) at

which point the flow is decelerated to the subsonic condition through a normal

shock. The real inlet will have lower pressure recovery than this idealized

model because of shock and boundary layer losses. The ratio of actual peak

recovery to the theoretical limit_ to be defined herein as inlet performance

•index_ T_I_ must be established experimentally for a given configuration.

Surveying Table 7.3 for peak subsonic recovery at design cowl position

and zero angle of attack yields pressure recovery data for critical operation

only at low Reynolds number. Correcting these to B-B line Reynolds number

leads to the I]I values shown on Figure A-5. The performance index of Figure

A-5 for the T inlet are compared with those of earlier NASA (external compres-

sion) inlets (with boundary.layer bleed) in Figure A-6.

These peak pressure recovery points for the present configurations are

superimposed on Figure A-7 which also shows the theoretical maximum perform-

ance vs aerodynamic ratio. The dashed lines on Figure A-7 are for constant

values of TII: These represent the operating lines for the present inlet.

Thus_ to obtain the m_xlmum pressure recovery for a given cowl position

and Mach number Figure A-7 is entered with the product of mass flow ratio

of Figure 7.61 and the contraction ratio of Figure 6.1/_ (Configuration No. 3)

the recovery is read for the dashed curves of Figure A-7.

_ AIRESEARCH MANUFACTUoR_AN_e_OC_aPANY



I--I

F-

I.O

0.9

0.8

0.7 I

0.6

0,5

NOTE: DATA CORRECTED TO B-B

LINE REYNOLDS NUMBER

dl

5

M
0

Figure A-5. Performance Index - Inlet T (U)

IAIRESEARCH MANUFACTURING COMPANY
Los Angeles, Cahlor'7,a

7



%.!<!i:

_...

SYMBOL

0

V

cI

<I>

REFERENCE

NASA TM×-4

NASA _X-4i3

NASA TMX-413

NASA TMX-413

PRESENT CONFIG

EXTERNAL

ANGLE,
DEG

38

39

37

27

22

EXTERNAL!

L
i

D

2

i._

2.8

2.8

2

I.O

!-"
}--

0.9

0.8

0.7

0.6

0.5

0.4

0.5

%
%

\

\
\

,I
I
I

I

___/

cl

\
',

°_, °

/

rl

I 2 5 4

.f
o

5 6 7

M
o

S-4B567

Figure A-6. Comparison of Tnlet T Performance

NASA Configurations (U)

A-IS

AIRESEARCH MANUFACTURING COMPANY % i

Index with Earlier



SUBSONIC COMBUSTION MODE

/
0.07 /

0.06 I I
0.05

5 4 7 8 I0

(m/m o) (CR)
S-48565

Figure A-7. Variation of Peak-Pressure Recovery with Aerodynamic Contraction

Ratio (U)

AIRESEARCH MANUFACTURING COMPANY

Los An_/_, C_ll_forr{,_l

A-16

, ",;',t; . ,
i-"



: ;-%'-e'_" r

The effect of Reynolds number on pressure recovery is given in Figure 7.58.

In the absence of better information_ it is assumed that the data apply to both

subsonic and supersonic flow at the subsonic diffuser exit. The slopes of these

curves as shown in Figure A-8 will be used to obtain the Reynolds number correc-

tion from the following expression:

&T_ ReD (Re D Re D NOM) _-__) Re D

where Re D NOM is the value for the B-B line flight path of Reference A-2.

These B-B llne Reynolds numbers are listed below for reference:

x 10 -6
Mo NOMRe D

4 4.70

5 3.75

6 3.05

8 2.26

The effect of angle of attack on pressure recovery is given on Figure 7.54.

The data for the subsonic combustion mode show that pressure recovery initially

decreasesj reaches a minimum and then begi0s increasing as angle of attack is

increased. Again the data scatter and mass flow skirt position quite likely

account for this unexpected trend. In order to eliminate these extraneous

variables from the full-scale inlet performance_ it is proposed to combine

the angle of attack correction to pressure recovery with that for cowl position.

In this way_ the aerodynamic contraction ratio will be corrected first for cowl

position_ as described above_ and then corrected for angle of attack by Figure

A-I. The performance for 8-B Reynolds number based on this correlation is

presented in Figure A-9.

The final correlation of subsonic mode inlet pressure recovery_ for combustor

entrance subsonic_ thus becomes:

T_(mo_ Xc/Rc, ReD el) = T_ (Mo_ Xc/Rc, _) + ATI Re D where the first

term on the right is obtained from Figure A-9 and the second from Figure A-8.

Subsonic Combustion Mode i Combustor Entrance Mach Number Supersonic

It is also of interest to determine the lowest equivalence ratio at which

the combustor flow will remain subsonic (at least in the downstream end of the

combus for).

To establish this lira;t_ one may assume supersonic flow up Lo the combustor

entrancej followed by all subsonic or partially supersoniccombustion_ and

result ng in a choked thermal throat. The combustor entrance flow for this

AIRESEARCH MANUFACTURING COMPANY
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(u)
case wi II be specified for a given freestream condition by mass flow ratio_

area_ and supersonic total pressure recovery. The mass-flow ratio is obtained

from Figure A-4 as before_ and the area is known from the combustor geometry.

(C) The supersonic pressure recovery remains to be specified. The independent

variab les are Mo_ _ Reo_ and Xc / Rc. The approach is again to specify
a baseline recovery level for reference conditions with influence coefficients

to correct for deviations of the independent variables. For this purpose_

the data of Section 7 have been corrected to reference condit{ons of M = 6

spike position (Xc/Rc = 3.873)_ B-B line Reynolds number and a' = O_ and are

presented in Figure A-IO.

(U) The influence coefficient for angle of attack is obtained directly from the

the test data and is given in Figure A-II_ while Reynolds number effect is a

avai fable from Figure A-8. The slopes of q] vs X /R obtained from Figure

7.55 at Mach 4 and 5 are plotted on Figure A-12_Cex_rapolated to Mach 6.

S__upersonic Combustion Mode

(U) The mass-flow-skirt was positioned during supersonic mode testing so as

not to influence the throat total pressure readings. Therefore_ (with the

exception of cowl position dependence ) the data may be used directly without

resorting to the analytical correlations used in defining the subsonic mode

performance.

_U) Effect of angle of attack will be assumed linear by fairing of the data

of Figure 7,54 for Mach 6 and 8, The resulting slopes_ independent of Reynolds

number_ are given on Figure A-I I.

(C) The influence of cowl position on pressure recovery from Figure 7.57 is

somewhat unclear_ particularly at Mach 8. If the two lowest points at Mach 6

(at XCL = 23.14) are ignored_ the slopes of curves faired through the remain-
ing points are approximately equal for both Reynolds numbers. This slope is

; o.34
(Xc/Rc)

(C) The scatter of the Mach 8 data_ however_ requires further interpretation.

Observing that the positive slope of pressure recovery vs cowl position of

Figure 7.57 for Mach 6 is accompanied by a corresponding increase in aerodynamic

contraction ratio (lower portion of Figure 5.20)_ the analog with the subsonic

combustion mode is made that pressure recovery is proportional to contraction

ratio. Using this as the correlating parameter and assuming the slope_

--_(m/mo)-(CR) = 0.039, from the Hach 6 data of Figure 7.57 for

both M = 6 and M --- 8_ leads to the curve of _i vs X /R of Figure A-13. Figure
c c

A-13 applies for B-B line Reynolds number and c_ = O,

L_____ AIRESEARCH MANUFACTURING COMPANY
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D

The correlation of pressure recovery wrth Reynolds number is taken directly

from Figure 7.58 as was the subsonic combustion mode correlation. Figure A-8

presents the _Iope of recoveryvs Reynolds number for the inlet throat station
with supersonic flow.

(Mo_ _, ReD_ Xc/R c) = _ (Mo, Xc/R c) +'_ _ + ARe _Re
D

where the terms on the right Qre _bL_;,,_J from Figures A-13_ A-I I_ and A-8_
respect ive ly.
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APPENDIX B

DERIVATION OF INLET MASS FLOW RATIO

VS ANGLE OF ATTACK - CONICAL INLET
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APPENDIX B

DERIVATION OF INLET MASS FLOW RATIO VS ANGLE OF ATTACK - CONICAL INLET

A theory has been developed for predictihg the mass flow vs angle-of-

attack characterist_ics of a conical inlet (Reference B-I). This is presented

below in detail and related to the nomenclature of the MIT cone tables

(References B-2_ B-33 and B-4).

Deve lopment

Inlet mass flow ratio is given by

IT

I °_ pV dw = m/m ; for (_ # 0= TTsIn 84. PoVo o

T = _(0) V(e) = mlm ; for _ : 0

PoVo s i nE))_ oc_=o

sinO& PoVo I ["
: = -- _-_ dw

_sine& _ _ -Jo p V

PoVo

Second order expansion (Reference B-5) gives

2.#_ : I + A(e),:z cos _ + B (e) ol
p

+ c 2 cos + 3)

V I + A(e) o_ cos _ + B"
V

(O) c_2 C' 2+ (e) ol cos 2

The product of these expressions is

2 C' 2pV = I + A' ot cos co + B _ _ + (x

pV
cos 2 w + A ecos

, 2 2 :3 3
+ AA _ cos w + AB _ _ cos _ + AC'_ cos _ cos 2

2 ' 3 c4 , 2+ B + A B _ cos _ + 0( )* C _ cos 2 _.
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where the coefficients are given in the MIT cone tables noted above:

A = _Ip

A' = ylT

B = po/_"

B' = v Iv
0

Noting that the cyclic integral of cos_ and cos 2_equals zeroj yields the

following expression for the integrand to be evaluated:

2 2
pV = I + B' 2 + AA' c_ cos

p V

+ B o_2 + 0 (o_3)

Thus,

fo [¢ I I + (B' A# 2_= -- + ,-_ COS
\

e

+B)@ 2 ] d_o

• TT

'I I I( l II= -- w + B _ + B _ + AA _. + sin _ cos _J
T[ . O

I "n I + B + B + 2 !
T_

m/m )

¢ ( B, AA,) 2 o
Finally_ ---=-=61 + B + + T o_ - m/mo )

m/m° ) 0_

This can be expressed simply as m/m
0 )ol=O

2
= I + E_

where the four coefficients comprising E are obtained from References B-2j

B-3j and B-_,.

____ AIRESEARCH MANUFACTURINGCOMPANYLos Angeles, Callforn_
UNCLASSIFIED

" , .. ,



..I

:_i_iii_i_

UNCLASSIFIED

The results presented, in Appendix A_ are based on this theory with two
modi fi cat[ ons :

(a) Wherever second order coefficients were not ava[lable in the cone

tables_ these coefficients were set equai to zero. Smooth trends

were obtained in the plotted mass-flow ratios in spite of this

assumpti on.

(b) Noting that the above [ntegratlon was made from 0 to _ required a

correction for the fact that in the des_g, spike posTr_o_ a portion

of the spike shock is swallowed by the cowl (Reference B-6).
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